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This  report  is  concerned  with  a  study  of  the  sidelobe  performance  of  a 
broad  range  of  antenna  types.  The  survey  is  based  almost  entirely  upon 
data  available  in  the  open  literature,  although  in  reviewing  this 
material,  the  authors  have  tempered  the  information  in  the  light  of  their 
own  experience,  and  that  of  their  colleagues,  in  this  field.  The  empha¬ 
sis  of  the  review  has  been  directed  toward  establishing  the  level  of  side- 
lobe  suppression  which  can  be  achieved  with  antennas  of  differing  types 
and  dimensions;  and  towards  determining  to  what  extent  these  levels  repre¬ 
sent  fundamental  limitations  with  respect  to  sidelobe  performance.  Efforts 
have  also  been  made  to  identify  the  principal  parameters  governing  the 
sidelobe  performance  for  any  given  antenna  type. 


The  main  conclusion  of  thi s  survey  and  review  is  that  sidelobe  suppression 
to  lower  levels  than  that  commonly  achieved  with  existing  antennas  is, 
in  many  cases,  both  theoretically  and  practically  feasible.  The  rather 
indifferent  sidelobe  performance  of  many  existing  antennas  is  considered 
to  be  a  result  of  insufficient  emphasis  being  given  to  this  aspect  of 
the  system  electrical  performance.  This  has  often  led  to  an  acceptance 
of  levels  of  sidelobe  radiation  which,  In  view  of  the  existing  jamming 
threat,  must  now  be  considered  as  totally  unrealistic. 
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INTRODUCTION 


This  literature  survey  is  concerned  with  the  si  delobe  performance  of  a 
wide  range  of  antenna  types.  The  fundamental  questions  toward  which 
this  survey  is  directed  are: 

(i)  What  level  of  sidelobe  suppression  has  been,  and  can  be, 
achieved  with  antennas  of  differing  types  and  dimensions? 

(ii)  To  what  extent  do  these  levels  represent  fundamental  limits 
with  respect  to  sidelobe  performance? 

(iii)  What  are  the  principal  parameters  governing  the  sidelobe 
performance  for  any  given  antenna  type? 

Although  a  survey  of  this  type  cannot  answer  these  questions  directly, 
it  is  hoped  that  the  information  presented  here  will  help  to  provide 
useful  insight  into  the  antenna  types  considered  and  thereby  aid  the 
reader  in  making  intelligent  judgments  and  estimations  with  regard  to 
low-s idelobe  antenna  performance. 

Sidelobe  levels  are  quantified  here  in  relation  to  the  peak  co-polarised 
forward  gain  of  the  antenna.  Cross-polarisation  is  treated  as  another 
form  of  unwanted  radiation  and,  where  this  exceeds  the  levels  of  the 
co-polarised  field  levels,  is  considered  as  the  dominant  sidelobe  level. 
The  spatial  sphere  surrounding  the  antenna  is  crudely  divided  into  three 
general  regions.  These  are  referred  to  here,  in  terms  of  the  magnitude 
of  the  angles  subtended  from  the  antenna  boresight,  as  'near-in1,  'far- 
out'  and  'back-lobe'  regions.  A  more  precise  definition  of  these 
regions  would  be  desirable  but  unfortunately  the  major  part  of  the  data 
available  from  the  literature  does  not  permit  a  finer  distinction  to  be 
made. 

This  literature  survey  has  considered  a  broad  range  of  antenna  types 
without  specific  restrictions  on  frequency,  bandwidth,  polarisation  or 
gain,  although  very  small  antennas  have  not  been  considered  if,  like  the 
half-wave  dipole,  they  produce  essentially  toroidal  radiation-patterns. 

Since  the  sidelobe  performance  of  an  antenna  is,  in  general,  not  indepen¬ 
dent  of  the  other  major  parameters  of  the  device,  details  of  these 


parameters,  wherever  possible,  have  been  included  in  the  data  presented. 

The  interaction  between  sidelobe  suppression  and  the  other  important 
aspects  of  antenna  performance  is  given  due  attention. 

With  the  rapid  growth  of  radar  and  communications  applications,  the  need 
for  good  sidelobe  suppression  has  become  increasingly  important  from  the 
point  of  view  of  reducing  mutual  unintentional  interference  on  the  one 
hand,  and  avoiding  deliberate  interference,  or  jamming,  on  the  other. 

In  most  radar  applications  good  sidelobe  suppression  is  generally 
desirable  to  minimise  clutter  effects  and  unintentional  interference. 
However,  with  the  rapid  development  of  jamming  techniques  and  devices  in 
recent  times,  sidelobe  suppression  has  become  a  critical  feature  with 
regard  to  the  ultimate  performance  of  the  radar  in  a  hostile  environment. 
Dax'  has  expressed  the  opinion  that  for  long  range  radars  to  avoid  jam¬ 
ming,  the  level  of  all  antenna  sidelobes  must  be  suppressed  to  better 
than  -40  dB  and  desirably  to  better  than  -60  dB. 

In  terrestrial  communication  systems,  the  need  to  suppress  sidelobe 

2  3 

levels  has  been  apparent  for  a  number  of  years  *  .  The  proliferation 
of  microwave  communication  links,  for  example,  has  led  to  quite  severe 
specifications  being  imposed,  particularly  for  the  far-out  and  backlobe 
regions . 

For  certain  other  applications,  such  as  spacecraft  antennas,  the  near-in 
sidelobes  are  generally  considered  to  be  more  important  than  those  occur¬ 
ring  at  the  wider  angles.  However,  the  design  of  these  antennas  is  more 
often  dominated  by  the  need  to  achieve  high  antenna  efficiencies,  to 
enable  maximum  gain  coverage  to  be  provided  within  the  limits  imposed  by 
a  given  volumetric  and  mass  constraint  on  the  space  vehicle.  At  the 
earth  terminals  of  space-communication  systems,  sidelobe  performance  has 
tended  in  the  past  to  be  considered  as  a  secondary  parameter  to  the 
antenna  gain  and  the  optimisation  of  the  Figure  of  Merit  (i.e.,  gain  to 
noise  temperature  ratio).  However,  the  rapid  increase  in  the  number  of 
Earth  St.-  ions,  ar-'  the  increasing  utilisation  of  the  geostationary 
orbit,  has  *'J  to  an  increased  concern  for  improved  sidelobe  suppression, 
to  avoid  interference  effects. 

To  provide  some  insight  into  the  fundamental  factors  governing  the  side¬ 
lobe  performance  of  aperture  antennas,  Chapter  2  of  this  report  reviews 


some  techniques  which  provide  simplified  theoretical  predictions  for 
these  antenna  types.  The  techniques  are  commonly  applied  to  such 
devices  as  reflector  antennas,  horn  antennas  and  antenna  arrays. 

Although  the  results  can  be  very  informative,  they  cannot  be  used  as 
reliable  predictions  of  the  actual  performance  which  will  be  achieved 
with  a  practical  antenna.  Many  factors  act  to  modify  the  simplified 
theoretical  predictions  and  these  are  referred  to  in  Chapter  2  and  the 
following  text. 

In  Chapter  3,  low-gain  antennas  are  considered.  The  critical  and 
practical  radiation  characteristics  are  given,  as  well  as  tables  of 
expected  parameters.  Each  subsection,  e.g.  on  horns,  dielectric  antennas 
and  broadband  antennas,  is  complete  in  itself  containing  all  tables  and 
diagrams  within  each  section.  References,  numbered  separately  for  each 
subsection,  are  collected  together  at  the  end  of  the  report  in  Chapter  11. 

The  chapter  on  medium  gain  antennas  (Chapter  k)  considers  corner 
reflectors,  backfire  antennas  and  hoghorns,  though  large  horns  and  small 
reflectors  could  be  included.  Medium  gain  is  taken  to  be  1 5~25  dB  of 
forward  gain. 

Chapter  5  contains  details  of  high  gain  antennas,  reflectors,  lenses  and 
arrays.  By  far  the  largest  amount  of  information  is  available  on  the 
first  type  and  this  is  indicated  by  the  amount  of  space  devoted  to  it. 
Each  subsection  contains  a  discussion  of  theories  together  with  experi¬ 
mental  verification,  details  of  practical  antennas  and,  where  possible, 
a  set  of  graphs  and  tables  to  assist  the  designer.  Each  subsection 
again  contains  its  own  reference  list,  though  all  are  collected  to¬ 
gether  in  Section  1 1 . 

Chapters  6,7.8  and  9  cover  the  topics  of  multiple-beam  antennas,  tracking 
antennas,  radomes  and  antenna  test  ranges  very  briefly.  Chapter  10  is  an 
extended  summary  of  the  report  and  its  conclusions. 
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2  SIMPLIFIED  THEORETICAL  PREDICTIONS  OF  SIDELOBE  PERFORMANCE 

An  ideal  aperture  distribution  might  be  considered  to  be  one  which 
provided  maximum  forward  gainwithzero  sidelobes.  Unfortunately,  for  any 
given  radiating  aperture,  the  maximum  forward  gain  corresponds  to  uniform 
illumination  across  the  aperture;  this  condition  corresponds  to  a  rela¬ 
tively  poor  sidelobe  response  (-13.2  dB  for  a  linear  aperture,  -17.7  dB 
for  circular).  Various  mathematical  expressions  suitable  for  use  as 
illumination  functions  have  been  devised  and  their  characteristics  will 
be  considered  in  the  following  pages.  The  resul ts  are  somewhat  unrealistic 
since  the  possibility  of  achieving  these  distributions  will  not  be  con¬ 
sidered  here,  nor  will  the  effects  of  a  'real*  antenna  be  studied  in 
this  chapter.  Such  factors  as  the  finite  size  of  an  array  element  (which 
results  in  a  stepwise  approximation  in  amplitude  and  phase  to  the  wanted 
illumination)  and  the  spillover  and  blockage  in  a  reflector  antenna  are 
but  a  few  of  the  realities  which  will  be  considered  in  later  chapters. 
However,  the  relationship  between  the  illumination  distribution  across  an 
aperture  and  the  sidelobe  performance  is  an  important  one  which  merits 
some  attention,and  the  accuracy  to  which  a  desired  aperture  illumination 
must  be  held  in  order  not  to  degrade  performance  serves  as  a  useful  guide 
to  tolerances.  Only  linear  and  circular  distributions  are  dealt  with 
here.  Rectangular  distributions  are  briefly  dealt  with  by  Elliot'  and 
their  general  performance  can  be  inferred  by  a  superposition  of  the 
linear  aperture  results.  Other  aperture  shapes,  such  as  el  1 i pti cal,  have 
not  been  treated  as  thoroughly  in  the  literature.  However,  their  general 
behaviour  can  also  be  inferred  from  the  data  presented  below. 

2.1  Linear  Aperture  Distributions 

2.1.1  Uniform  illuminations 

Hansen'  discusses  the  uniformly  illuminated  linear  (i.e.,  one  dimensional) 
source  along  the  x-axis  from  x  =  -^  to  x  =  +^. 

The  radiation  pattern  of  such  a  source  is 


F(u)  a  L 


s  i  n  ttu 
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where 

and  8  is  the  angle  off  boresight,  X  is  the  free  space  wavelength. 
Table  2.1.1  gives  details  of  this  radiation  pattern  (Fig. 2.1-1). 


Table  2.1.1 

Radiation  characteristics  of  a  uniformly 
illuminated  line  source 


Half  power  beam  width  * 

2  arcsin  (1 .39  -  L) 

If 

0.885  radians  for  L  >  10  X 

Sidelobe  level  (dB) 

1  St 

-13.2 

2nd 

-17.8 

3rd 

-20.6 

4th 

CM 

CM 

• 

Aperture  efficiency 
(with  no  allowance  for 
spillover,  blockage. 

etc .) 

100% 

-2 

For  L  >  10  X  the  sidelobes  decay  as  L  in  power  for  a  set  value  of  8. 
This  indicates  that  the  far-out  sidelobes  of  a  large  antenna  will  be 
lower  than  those  of  a  small  aperture,  but  the  nth  sidelobe  from  bore- 
sight  will  always  have  the  same  value.  Figure  2.1-2  shows  the  sidelobe 
envelope  for  L  *  10  X  and  100  X. 

2.1.2  Cosine  distributions 

1.  The  family  of  illuminations  given  by  cos  n|-|j  where  p  =  —  - — 
and  the  distribution  runs  from  x  ■  -y  to  x  ■  +j,  is  important.  It  has 
reduced  efficiency  because  the  i  1  lumination  always  reduces  to  zero  at  the 
ends  of  the  aperture,  i.e.  at  x  ■  ±j.  The  radiation  pattern  F(u) , 
where  u  ■  —  ~-n  6  and  8  is  the  angle  off  boresight  can  be  obtained  in 
closed  form  (see  Table  2.1.2). 
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Table  2.1  .2 


Cosine-power  illuminations 


n 

F(u) 

1st  sidelobe 
(dB) 

Vol tage 
sidelobe 
decay  as 

Beamwidth 

(radians) 

G/Go 

a 

sin  iru 

ITU 

-13 

-1 

u 

m 

1  .00 

i 

cos  ITU 

l-4uZ 

-23 

-2 

u 

H 

! 

0.81 

2 

sin  iru 
nu(l-u2) 

-32 

u-3 

0.67 

3 

cos  tru 

-40 

-4 

■ 

0.58 

FTP?) 

The  power  sidelobe  envelope  for  far-out  sidelobes  decays  as  u  so 

that  even  for  n  -  I,  far-out  sidelobes  are  much  reduced.  G/Go  Is  the 
directivity  (forward  gain)  relative  to  that  of  a  uniformly  illuminated 
line  source  of  length. 

2.  Another  useful  family  is  that  of  the  cosi ne-on-a-pedestal .  The 
radiation  pattern  is  the  sum  of  the  radiation  patterns  for  a  cosine 
distribution  and  a  uniform  aperture  (Table  2.1.3). 

Table  2.1  .3 


Cosi ne-on-a-pedestal  -  Radiation  characteristics 


Aperture  edge 
i 1 lumi nat ion 
(dB) 

1st  sidelobe 
level 

Beamwidth 

(radians) 

i 

G/Go 

10 

-20 

1  .06  X/L 

0.90 

15 

-22 

1 .13  X/L 

0.84 

®  (cosine  alone) 

-23 

1 .20  X/L 

0.81 

The  far-out  sidelobes  for  edge  tapers  below  15  dB  are  dominated  by  the 

•2 

effect  of  the  pedestal  and  fall  off  slowly  (as  u  in  power). 


Although  the  cosi ne-on-a-pedestal  distribution  is  widely  used  to  approximate 
practical  aperture  distributions,  it  can  be  seen  that  the  dependence  of  the 
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first  sidelobe  level  on  the  aperture  edge  illumination  is  very  weak.  In 
practical  reflector  antennas  this  is  certainly  not  the  case.  This  example 
illustrates  the  importance  of  the  illumination  taper  function  itself  (as 
opposed  to  the  value  of  the  aperture  edge  illumination)  in  forming  the 
sidelobes.  This  case  also  illustrates  the  need  for  accurate  modelling  of 
the  illumination  taper  across  an  antenna  aperture  if  sidelobe  level  pre¬ 
dictions  are  to  be  meaningful  and  simplified  techniques  must  be  used  with 
great  caution  when  low  side-lobe  performance  is  sought. 

Figure  2.1-3  shows  the  variation  of  beamwidth  against  sidelobe  level  fora 

2 

cosine  squared  illumination  on  a  pedestal  .  The  sidelobe  patterns  of  the  two 
parts  of  the  illumination  are  out  of  phase  and  tend  to  cancel.  The  cusp  point 
corresponds  to  the  pedestal  height  at  which  the  sidelobes  cancel  exactly. 


2.1.3  Gaussian  distributions 

These  are  little  used  because  to  be  useful,  the  edge  taper  should  be  zero, 
in  which  case  the  Fourier  transform  of  the  illumination  function  (the 
radiation  pattern)  is  also  gaussian  but  the  aperture  is  infinite.  This 
has  low  directivity  though  good  sidelobe  performance.  For  a  truncated 
gaussian,  the  calculations  are  complex  and  there  is  no  advantage  over  more 
easily  managed  distributions  such  as  a  cosine  plus  pedestal. 

The  envelope  of  voltage  sidelobes  will  be  dominated  by  the  presence  of  the 
pedestal  and  will  therefore  decay  as  the  sin  iru/iru  function. 


2.1  .4  Two-parameter  famil’ 


Bickmore  and  Spellmlre^  originated  a  family  of  two  parameter  illumination 
functions.  The  resultant  radiation  pattern  is: 


F (u)  a  Jv[ff(u2  -  cZ)i]/[Tr(u2  ‘  c2)*]  (2) 

were  v  and  C  are  the  parameters.  In  this  C  controls  the  near-in  sidelobe 
level  while  v  controls  the  envelope  decay .  Hansen'  shows  that  for  sidelobe 
levels  lower  than  ^5  dB  the  sidelobe  level  is  insensitive  to  v  and  dependent 
only  on  C.  The  real  interest  in  this  family  is  when  v  -  i  when  F(u) 
reduces  to  a  modified  8 ' P .*ut and  v  -  -i  when  the  Taylor  distribution  is 

ITU 

achieved. 
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2.1  .5  Taylor  line  source 

This  has  the  advantage  of  providing  a  narrow  beamwidth  and  low  sidelobe 
14 

levels  *  .  The  radiation  pattern  consists  of  a  number  of  equal  near-in 
si  delobes  out  to  a  value  of  n,  beyond  which  the  sidelobes  decay  as 
The  illumination  functions  have  two  parameters  which  control  the  near-in 
sidelobe  value  and  the  value  of  n.  (The  Ool ph-Chebyshev  illuminations  are 
a  variant  of  the  Taylor  distribution  in  which  n  Is  pushed  beyond  the 
visible  range  so  that  all  sidelobes  are  equal). 

Figure  2.1-4  shows  the  half  power  beamwidth  in  radians  as  a  function  of 
sidelobe  level  in  dB  for  a  Dolph  distribution  (the  most  extreme  case). 
Tables  of  parameters  for  less  extreme  cases  are  given  in  Ref.l. 

2.1  .6  Modified  sin  iru/itu 

In  this  (for  which  the  Bickmore-Spellmire  parameter  v  *  i)  the  Taylor 
illumination  function  fixes  the  value  of  the  first  sidelobe  and  thereafter 
the  sidelobe  envelope  is  The  beamwidth  x  ^  radians  as  a 

function  of  sidelobe  level  in  dB  is  shown  in  Fig. 2. 1-4. 

Intermediate  forms  of  the  Taylor  function  will  lie  between  these  two 
curves. 

Table  2.1.4  gives  details  of  the  behaviour  of  this  aperture  illumination 
function.  Note  that  when  the  first  sidelobe  level  has  been  chosen,  all 
other  parameters  are  fixed. 


Table  2.1  .4 


Modified  sin  iru/iru  distribution 
(sometimes  called  a  one-parameter  distribution) 


First 

sidelobe  level 

Beamwidth  x  L 

X 

G/Go 

Edge  taper 
(dB) 

-13.2 

0.88 

1 .0 

0 

-15 

0.90 

0.993 

2.5 

-20 

1  .0 

0.933 

9.2 

-25 

1 .10 

0.863 

15.3 

o 

t 

1  .19 

0.801 

21  .1 

-35 

1 .28 

0.751 

26.8 

-40 

1 .38 

0.709 

32.4 
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2.1 .7  Comparison 

A  line  source  generally  implies  an  array  of  some  form  and  therefore  the 
aperture  illumination  will  not  be  predetermined  to  the  same  degree  as, 
for  instance,  the  il lumi nations  over  a  reflector  fed  by  a  primary  feed 
horn  will  be.  In  theory,  any  illumination  distribution  can  be  imposed. 
The  only  constraint  is  the  accuracy  with  which  the  desired  illumination 
can  be  generated. 

Since  we  are  primarily  interested  in  sidelobe  levels  of  better 
than  -30  dB,  some  distributions  can  be  discarded  at  once,  for  instance, 
uni  form, cosine  and  cosine  on  a  pedestal.  Tables  2.1.5  and  2.1.6  give 
details  of  possible  distributions  for  sidelobe  suppress  ions  of  30  and  40  dB. 

Table  2.1 .5 


Distributions  to  achieve  -30  dB  near-in  sidelobe  levels 


Distribution 

G/Go 

6  L 
o 

X 

Edge  taper 
(dB) 

Sidelobe  decay 

Cosine  squared 
(gives-32  dB) 

0.67 

1.45 

OO 

u"3 

Modified  s -n  *u 

ITU 

0.80 

1.19 

21  .1 

u"1 

Dol  ph 

* 

1 .05 

no  decay 

*a  function  of  y 


Clearly  the  Oolph  distribution,  though  giving  the  narrowest  beam,  is  unsatis 
factory  as  the  sidelobes  are  ”30  dB  everywhere.  The  modified  S"-IT--  has 
the  advantage  of  a  narrow  beam  and  higher  gain  (0.77  dB)  but  the  far- 
out  sidelobes  do  not  decrease  so  rapidly  as  the  cosine  squared 
distribution. 

Table  2.1  .6 


Distributions  to  achieve  -40  dB  near-in  sidelobe  levels 


Distribution 

G/Go  0oL 

X 

Edge  taper 
(dB) 

Sidelobe  decay 

Cosine  cubed 

Modified 

Dolph 

KB 

00 

32.4 

-4 

u 

-1 

u 

no  decay 
L_— 

Again  the  Dolph  has  no  sidelobe  decay,  and  the  modified  -  n  —  has 

iru 

the  advantage  of  higher  gain  while  the  cosine  cubed  has  a 
faster  far-out  sidelobe  decay.  For  lower  sidelobe  levels  still,  the 
Dolph  might  be  acceptable,  though  there  is  the  problem  of  achieving  and 
maintaining  the  desired  currents  on  the  aperture. 

An  interesting  extension  of  this  work  is  that  by  Elliot^  where  he  has 

L 

provided  an  illumination  function  based  on  Taylor's  work  to  depress  the 
sidelobe  level  on  one  side  only.  This  is  useful  for  low  altitude  radars 
to  reduce  ground  clutter.  Experimental  work  with  a  slot  array  verified 
these  techniques.  There  is,  however,  a  main  beam  offset  caused  by  the 
skewed  phase  distribution  required  to  give  the  desired  patterns.  This 
also  affected  the  difference  pattern  in  a  monopulse  configuration.  The 
null  was  offset  more  than  the  main  beam. 

Table  2.1.7  shows  the  directivity  for  various  sidelobe  levels.  It  is 
also  noteworthy  that  Elliot  claims  that  the  tolerances  necessary  to  main¬ 
tain  these  asymmetrical  sidelobe  suppressions  correspond  to  those  neces¬ 
sary  to  maintain  the  average  sidelobe  level  rather  than  the  lower  level 
of  the  two  specified.  Elliot^  has  extended  this  work  to  reducing  the 
sidelobes  in  selected  angular  ranges  which  is  useful  for  'blocking  out' 
regions  which  give  rise  to  interference. 

Table  2.1 .7 

Directivity  of  a  linear  aperture  for  unequal  sidelobe  levels 


Sidelobe  level 


The  required  amplitude  and  phase  distribution  contain  much  fine  structure 
so  that  large  arrays  have  to  be  used  or,  alternatively,  the  elements  must 
be  excited  so  as  to  give  rise  to  the  nulls  of  the  radiation  pattern  in  the 
correct  position.  This  last  is  illustrated  with  the  theoretical  pattern 
for  a  15  element  array  of  0.475  X  spacing  in  which  the  sidelobes  on  one 
side  are  constant  at  -25  dB  and  the  first  on  the  other  is  -45  dB.  The 
envelope  rises  from  this  value  to  -!5  dB.  The  use  of  such  an  antenna 
seems  very  limited. 


2.2  Sidelobe  Levels  and  Directivity 
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The  directivity  of  an  antenna  can  be  defined  as  the  ratio  of  maximum  power 
per  unit  solid  angle  radiated  by  the  antenna  to  the  power  per  unit  solid 
angle  obtained  from  an  isotropic  radiator  radiating  the  same  total  power. 

Consider  a  large  array  with  a  Dolph  distribution  which  will  give  a  fixed 
sidelobe  ratio  everywhere  outside  the  main  beam.  If  the  array  length,  L, 
is  increased,  the  main  beam  will  be  narrowed  but  the  sidelobe  level 
remains  unchanged.  In  the  limit  the  total  power  in  the  sidelobes  will 
dominate, which  is  another  way  of  saying  that  the  directivity  decreases. 

For  line  sources  with  uniform  illumination,  this  does  not  occur,  since  the 
radiation  pattern  'closes  up'  as  L  increases  and  the  new  sidelobes  which 
appear  in  the  visible  region  are  smaller  than  those  already  present.  This 
is  also  true  of  a  cos ine-on-a -pedestal  distribution.  This  defect  afflicts 
Taylor  distributions  to  a  lesser  degree  (but  not  modified  — — — 
distributions) . 

Figures  2.2-1  and  2.2-2  show  this  for  a  Dolph  array  (the  most  sensitive) 
and  a  Taylor  source  with  one  quarter  of  the  sidelobes  equal.  (Various 
sidelobe  levels  are  shown  in  each  case).  For  low  sidelobe  levels  the 
limitations  in  directivity  are  correspondingly  reduced. 

These  limitations  are  only  valid  for  distributions  where  there  are  some 

equal  sidelobes  in  the  radiation  pattern  or  where  the  envelope  decays  more 

slowly  than - . 

1  iru 

2.3  Circular  Aperture  Distributions 
2.3.1  Uniform  illumination 

This  gives  a  radiation  pattern  F(u),  described  by 

F(u)  a  Jj  (wu)  /iru  (3) 

where  u  -  — — - ,  a  ■  radius  of  circular  aperture  and  0  *  angle  off 

boresight.  The  pattern  is  identical  on  al  1  planes.  The  hal f-power  beamwidth  i s 
^ —  radians  and  the  first  few  sidelobes  (Fig. 2. 3-1)  are  -17.6,  -24, 

-28  and  -31 . 1  dB . 


2.3.2  A  +  B  1 


distribution 


This  distribution  (sometimes  called  parabola-on-a-pedestal )  has  been 

extensively  studied  since  feed  illuminations  for  reflectors  approximate 
1  2 

closely  to  this  ’  .  The  radiation  pattern  can  be  obtained  in  closed 
form  as: 


2r 

F(u)  =  f  [A  A,  (wu) 


B  A.,  (wu) 


Jn(x) 

A  +  B  =  1  and  A  (x)  =  nl  -  ;  r  is  the  radius  variable. 

n  /  i  n 

(I) 

A 

Table  2.3.1  gives  parameters  for  various  values  of  n. 

Table  2,3.1 

Circular  distribution  of  A+B  f.-mT  where  (A  +  B)  *  1 


A/B  *  0 


Edge  taper  ■ 


A/B  =  0.25 


A/B  ■  0.5 


Edge  taper  «  14  dB  Edge  taper  *  9-5  dB 


2  3  0 


2  3 


2  3 


17.60  24.70  30.70  36.10  -  23.70  32.30  32.30  -  22.00  26.50  30.80 


1.02  1.27  1.47  1.65 
1.00  0.75  0.55  0.45 


1.17  1.23  1.25  -  1.13  1.16  1.16 

0.87  0.81  0.79  -  0.92  0.88  0.87 


s  2  2  2 

Go  is  4ir  a  /X  for  the  uniformly  illuminated  circular  aperture 


Clearly  a  distribution  with  a  pedestal  is  more  effective*  Taking  the  case 

A 

with  approximately  30  dB  sideiobes,  the  illumination  with  -g-  =  0.5  is 

narrower  in  beamwidth  and  more  efficient  than  distributions  chosen  from 

A 

the  other  two  values  of 

Sciambi^  provides  complete  sets  of  curves  for  the  parabola-on-a-pedestal . 

As  an  example, n  ■  2.5  and  A  varying  from  0  to  1  is  reproduced  in  Fig. 2. 3-2. 
The  numbers  on  the  lines  of  maxima  are  the  sidelobe  levels  (relative  to 


the  main  peak)  for  those  parameters  of  n  and  A.  Notice  the  low  sideiobe 
values  in  the  region  of  A  ■  0.1.  This  is  due  to  the  cancellation  of  the 
two  radiation  patterns  due  to  two  distributions,  one  uniform  of  amplitude  A 
the  other  tapered  as  B  For  other  values  of  n,  this  'break-point' 

occurs  as  listed  in  Table  2.3*2. 

Table  2.3.2 

Values  of  n  and  A  for  the  'break-point'  in  sidelobes 


n 

A 

1.5 

0.1 

2.0 

0.1 

2.5 

0.1 

3.0 

0.25 

4.0 

0.3 

That  for  n  ■  1.5  is  not  clearly  marked. 

Inspection  of  Fig. 2. 3-3  (which  shows  the  worst  sideiobe  level  as  a  func¬ 
tion  of  A  and  n)  shows  that  in  the  region  of  lowest  sidelobes,  the  radia¬ 
tion  pattern  is  extremely  sensitive  to  change  in  taper.  For  example, 
with  n  =  2.5,  a  change  of  edge  taper  from  20  dB  to  17  dB  will  degrade  the 
sidelobes  by  15  dB  ,  because  the  low  sidelobes  are  achieved  by  a 
cancellation  method. 

The  aperture  efficiency  is  shown  in  Fig. 2. 3-4  as  a  function  of  A  and  n 
and  is  given  relative  to  a  uniformly  illuminated  circular  aperture. 
Natural ly, high  values  of  A  are  best,  but  for  good  sideiobe  performance,  A 
should  be  in  the  range  of  0. 1-0.3-  n  *  2.5  gives  a  good  approximation  to 
a  Taylor  distribution  (see  Fig.2.3-5). 


2.3-3  Circular  Taylor  distribution 

4  5 

These  have  been  thoroughly  tabulated  ’  .  The  two  parameters,  n,  n,  serve 
the  same  function  as  for  a  line  source  distribution,  n  determines  the 
number  of  equal  sidelobes  and  n  the  near-in  (constant)  sideiobe  level.  The 
beamwidth  is  dependent  on  both  n  and  n.  .  For  large  n,  the  illuminations 
are  peaked  at  the  edge  of  the  aperture.  Although  this  may  be  possible  for 
a  large  array  of  small  elements,  it  is  unrealistic  for  a  reflector.  For 
small  n  (say  less  than  5),  the  distributions  are  monotonic.  Table  2.3.3 


gives  beamwidths  for  several  values  of  n  and  side  lobe  level  and  com 

/  /  r2\n\ 

pares  those  with  values  from  a  suitable  IA  +  B  J  1  - (distribution. 

Table  2.3  .3 


Beamwidths  for  a  circular  aperture  with  a  Taylor  distribution 


*♦'('-  S)" 


Taylor 


Sidelobe 

(dB) 


Beamwidth  Sidelobe  Taper 

(radians)  (dB)  (dB) 


-24.7 

-23.7 

-26.5 

-32.3 

-30.8 

-36.1 

-40.9 


-15.0 

-  9.5 

-15.0 

-  9.5 


Beamwidth 

(radians) 


For  sidelobes  below  -35  dB,  the  Taylor  distribution  has  a  narrower  beam. 
For  levels  between  -25  and  -35  dB,  there  is  little  to  choose  between  the 
distributions  and  indeed  the  aperture  illuminations  look  very  alike 
(Fig. 2. 3-5). 

Note  that  the  beamwidth  for  the  Taylor  distribution  is  not  very  sensitive 
to  changes  in  the  design  sidelobe  level. 

Figure  2.3-6  shows  beamwidth  x  —  (radians)  against  sidelobe  level  for 
various  distributions. 

2.3.4  One-parameter  circular  distribution 

Recently,  Hansen^  has  discussed  a  circular  distribution  which  is  the 

counterpart  of  the  modified  s^n  Tru  distribution  for  a  line  source.  The 

™  J,(ltu) 

radiation  pattern  has  a  far  out  sidelobe  structure  similar  to  — - , 

TTU 

decaying  from  the  first  sidelobe  whose  value  is  determined  by  the  single 
parameter.  Table  2.3.4  gives  the  properties  for  this  distribution  which 


if— 1-  I  Ih 


-  23  - 


I  is  a  modified  Bessel  function, 
o 

The  parameter,  H,  uniquely  determines  the  first  sideiobe  level  which  can  be 
expressed  as: 

n./n  h)' 

17.57  +  20  log, 0 -iijp-i-  dB  (6) 


Table  2.3.4 

One-parameter  circular  distribution 


1st  sideiobe 
(dB) 

Edge  taper 
(dB) 

Beamwidth 

x2a/X 

G/Go* 

-17.57 

0 

1 

1.0000 

-20.00 

-4.49 

1.0483 

0.9786 

-25.00 

“12.35 

1.1408 

0.8711 

-30.00 

-19.29 

1.2252 

0.7595 

-35.00 

-25.78 

1.3025 

0.6683 

-40.00 

-31.98 

1.3741 

0.5964 

-45.00 

“38.00 

1.4407 

0.5390 

-50.00 

-43.89 

1.5038 

0.4923 

& 

(See  Fig. 2. 3-6)  Go  is  the  forward  gain  of  a  uniformly  illuminated 
circular  aperture. 


2.3.5  Comparison  of  circular  distributions 

The  one-parameter  function  is  only  marginally  worse  than  a  Taylor  distri¬ 
bution  down  to  sideiobe  levels  of  -45  dB.  At  -20  to  -30  dB  level,  there 

is  very  little  difference  between  all  three  distributions  (see  Tables  2.3.1 , 
2.3.3.  2.3.4)  which  explains  the  popularity  of  the  A  +  B  |l  -^j  j  distri¬ 
bution  since  it  is  easy  to  handle.  The  optimum  Taylor  distribution  is  most 
suited  to  an  array  for  n  equal  sidelobes  where  n  is  large  since  it  is 
peaked  at  the  edges.  This  does  depend  on  the  desired  sideiobe  suppression. 
For  instance,  the  distribution  becomes  non-monotonic  for  n  *6  and  sidelobes 
of  -25  dB  but  for  levels  of  -35  dB,  the  distribution  is  non-monotonic  for 
n  >10. 

2.3.6  Asymmetric  distributions 

All  the  distributions  considered  above  have  circular  symmetries  and  con¬ 
stant  phase  across  the  aperture.  Elliot^  has  modified  the  cl rcular  Taylor 
distribution  to  treat  an  antenna  whose  desi  red  radiation  pattern  has  much 
- 1  -  nn*  nusdmiL  A  non-uniform  asymmetric  phase  front  is 


required.  This  type  of  distribution  can  only  be  adequately  represented 
by  a  large  diameter  array. 

2.3.7  Non-constant  phase  fronts 

8  9 

Some  studies  have  been  carried  out  on  the  effects  of  changing  the 

phase  front  symmetrically  across  a  circular  aperture.  The  sidelobes  are 

not  reduced  but  the  nulls  are  filled  in  if  the  phase  taper  is  small.  As 

the  taper  is  increased,  the  pattern  loses  any  trace  of  sidelobe  structure 

but  the  value  of  the  altered  pattern  in  the  sidelobe  region  is  higher 

than  the  original  value.  Examinations  of  the  radiation  patterns  of 

g 

Burns  et  al  shows  that  the  quoted  sidelobes  are  correct  but  that  large 
'shoulders'  are  clearly  visible  nearer  to  the  boresight,  corresponding  to 
1st,  2nd  etc.  sidelobes.  The  phase  distributions  do  not  affect  the  gain 
or  beamwidth  much. 

2.3.8  Accuracy  of  distribution  fit:  amplitude 

Figure  2 . 3~5  shows  three  different  aperture  distributions  which  result  in 
1st  sidelobes  of  -25  dB  and  beamwldths  *  1.13/(2a/X).  It  indicates  a 
range  of  amplitudes  through  which  the  illumination  function  is  permitted 
to  vary  and  that  the  illumination  could  be  inaccurate  by  ±0.75  dB  at  the 
edge  without  much  resultant  error  in  the  radiation  pattern  (either  ±1  dB 
in  sidelobe  or  ±0.01  in  beamwidth).  However,  ±0.25  dB  is  needed  around 
a  normalised  radius  of  0.5.  The  accuracy  of  fit  required  increases  as 
the  design  sidelobe  level  decreases  and  an  examination  of  Hansen'’  shows 
that  an  edge  error  of  ±1.5  dB  for  a  distribution  giving  35  dB  will  pro¬ 
duce  an  error  of  ±2.5  dB  in  sidelobe  level. 

The  one  parameter  circular  distribution^  seems  less  sensitive.  The  edge 
taper  changes  from  32  dB  to  38  dB  as  the  design  sidelobe  level  changes 
from  kO  to  l»5  dB. 

We  conclude  that  the  accuracy  of  fit  of  the  amplitude  distribution  is  not 
crucial  to  the  achievement  of  low  sidelobes,  but  the  required  accuracy  does 
increase  as  lower  levels  of  sidelobes  are  designed  for,  as  for  instance,  in 
special  cases  of  the  distribution  A  +  j  n,  near  the  cancellation  point 

2.3.9  Accuracy  of  distribution  fit:  phase 

The  distributions  discussed  so  far  have  had  constant  phase  across  the 
aperture  though  it  has  been  shown  that  using  symmetric  phase  distributions 


to  remove  sidelobes,  causes  null  infilling  and  does  not  actually  reduce 
the  value  of  the  radiation  pattern  in  the  sidelobe  region  (Section  2.3.7). 
Other  forms  of  phase  distribution  which  may  occur  have  other  effects. 

(i)  Linear  -  this  shifts  the  radiation  pattern  to  a  new  main 
beam  position. 

(ii)  Quadratic  -  this  is  symmetric  and  of  the  type  discussed 
above  and  is  equivalent  to  a  defocus ing. 

(iii)  Cubic  -  since  this  is  asymmetric  a  pattern  squint  occurs, 
with  an  associated  beam  deformation;  a  'coma  lobe1  is 
formed  on  one  side  of  the  beam. 

(iv)  Periodic  errors  which  may  occur  in  a  phased  array,  cause 
grating  lobes. 

Each  of  these  error  types  has  a  different  importance  according  to  the 
antenna  type  considered  and  will  be  discussed  as  appropriate  under  each 
separate  antenna  heading. 

2.3.10  Random  errors 

The  work  which  has  been  carried  out  on  random  phase  front  errors  is 
equally  applicable  to  all  antenna  types  though  the  method  by  which  they 
are  caused  will  be  very  different.  Ruze^  has  treated  the  topic  in  great 
detail  and  Vu11  has  extended  Ruze's  work  to  cover  circular  apertures  with 
non-uniform  illumination  and  larger  correlation  intervals.  In  a  cir¬ 
cular  aperture,  diameter  D,  a  random  phase  error  is  defined  as  having 
rms  value  o  radians  over  a  correlation  interval,  C  (defined  as  'the  dis¬ 
tance  on  average  where  the  errors  become  independent').  Because  this 
type  of  treatment  is  statistical,  accurate  predictions  of  the  peak  side- 
iobe  levels  in  specified  regions  cannot  be  made.  This  theory  should, 
however,  correctly  predict  the  loss  of  forward  gain.  The  'average' 
radiation  pattern  is  usually  interpreted  as  the  average  of  patterns 
taken  in  all  planes  through  the  antenna  boresight  axis  but  this  is  only 
true  for  an  axisymmetric  illumination.  Vu'swork  covered  large  values  of 
C/0  which  are  important,  particularly  for  reflectors,  where  loading  and 
the  method  by  which  the  surface  is  attached  to  the  backing  structure  may 
produce  phase  errors  with  large  values  of  C. 
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Vu  claims  that  the  gain  degradation  is  not  much  affected  by  the  type  of 
illumination  used  and  that  adequate  values  may  be  found  by  considering  a 
uniformly  illuminated  aperture  (Fig.2.3~7).  Losses  of  2  dB  are  sus¬ 
tained  for  rms  phase  errors  a  =  0.6  radians  ('0.1  X) . 

Such  phase  errors  cause  unacceptable  sidelobe  degradation  and  although 
the  sidelobe  level  behaviour  is  affected  by  the  aperture  illumination, 
the  pattern  always  breaks  up  (null  infilling,  increases  in  sidelobe  level) 
with  increasing  a. 

Figure  2.3-8  gives  some  typical  examples  with  a  cosine  squared  (circular 
aperture)  illumination  and  F i g - 2 . 3“9  gives  other  values  of  sidelobe  level 
with  a  for  various  illuminations;  with  increasing  o,  the  sidelobe  level 
is  degraded  into  a  wide  angular  response  which  resembles  the  response  of 
a  single  small  aperture  of  size  C.  Figure  2.3-9  shows  that  for  a  3  dB 
rise  in  sidelobe  level,  the  permissible  phase  error  varies  with  sidelobe 
level  and  correlation  interval  and  o  may  be  0.05  X  for  a  cosine  squared 
distribution  (32  dB  goes  to  29  dB)  but  can  be  0.10  X  for  a  jl  -|-^J  j 
distribution  (25  dB  degrading  to  22  dB) . 

A  much  more  important  aspect  is  the  wide  angle  behaviour.  If  the  phase 

errors  were  sinusoidal,  then  the  aperture  would  behave  like  a  grating  and 

far-out  grating  lobes  would  appear,  which  correspond  to  the  periodicity 

of  the  sinusoidal  error.  This  treatment  has  been  applied  by  Dragone  and 
12 

Hogg  to  an  aperture  with  a  10  dB  tapered  illumination.  Fig. 2.3-10  shows 
the  envelope  of  radiation  pattern  with  various  phase  errors. 

The  errors  are  peak  to  peak  phase  errors  and  the  rms  error  can  be  assumed 
to  be  one-third  of  this  for  a  Gaussian  distribution.  Dragone  and  Hogg 
take  as  their  criteria  that  the  far-out  pattern  envelope  must  not  be  more 
than  3  dB  higher  than  the  zero  error  pattern  which  limits  the  peak  to 
peak  phase  error  to  0.05  X.  This  is  an  rms  error  of  0.017  X  which  is 
much  more  stringent  than  for  the  near-in  sidelobes. 

This  work  is  unfortunately  all  theoretical  and  there  does  not  appear  to 
be  any  direct  substantiating  experimental  work. 

As  far  as  reflectors  are  concerned,  the  far-out  sidelobes  are  more 
seriously  affected  by  other  effects  (spillover,  edge  diffraction  and  the 
aperture  blocking  effects  when  present).  Another  type  of  statistical 
treatment  is  available  for  phased  arrays  which  will  be  dealt  with  in  that 


£ 
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2.4  Conclusion 

The  data  presented  here  provides  some  insight  into  the  relationships 
between  the  illumination  tapers  in  aperture  antennas  and  the  resultant 
sidelobe  suppression.  The  effects  of  tolerances  in  introducing  small 
perturbations  of  the  amplitude  and  phase  of  the  wavefront  in  the  aperture 
plane  has  also  been  considered. 

From  this  data,  it  is  clear  that  for  good  sidelobe  suppression  it  is 
necessary  to  consider  the  complete  illumination  taper  across  the  aperture 
and  not  merely  the  value  of  the  aperture  edge  illumination.  Although 
these  simplified  scalar  distributions  can  be  used  to  study  the  importance 
of  generating  and  maintaining  the  correct  illumination  characteristics  of 
aperture  antennas,  they  must  be  interpreted  with  some  caution  in  attempt¬ 
ing  to  predict  the  performance,  or  optimise  the  design, of  a  practical  low- 
sidelobe  antenna.  For  low  sidelobe  reflector  antennas,  the  actual  illumi¬ 
nation  taper  produced  is  a  function  of  the  primary-feed  characteristics 
and  the  reflector  geometry.  In  view  of  the  sensitivity  of  the  xidelobe 
performance  to  the  illumination  characteristics,  there  is  littlr  point  in 
assuming  a  particular  aperture  illumination  function  which  may  not  be 
realisable  by  a  practical  feed  and  reflector  configuration.  In  addition, 
the  sidelobe  performance  of  any  reflector  antenna  will  be  strongly 
influenced  by  spillover  and  aperture-blockage  effects,  and  for  axi- 
symmetrlc  antenna  systems  this  will  be  a  dominant  factor  in  defining  the 
sidelobe  radiation  characteristics.  For  offset  reflector  systems,  the 
blockage  effects  can  be  avoided  but  the  nature  of  the  aperture  illumina¬ 
tion  taper  still  cannot  be  independently  specified  without  due  considera¬ 
tion  of  the  primary-feed  and  reflector  characteristics.  This  is  not  to 
infer,  however,  that  offset  reflector  systems  cannot  produce  low  sidelobe 
characteristics. 

For  antenna  arrays  the  nature  of  the  desired  aperture  illumination  can  be 
specified  more  freely  and  in  this  sense  the  simplified  theoretical 
analysis  can  be  applied  more  directly.  However,  the  cumulative  effects 
of  tolerance  errors  and  spurious  radiation  from  the  non-cont inuous 
elements  making  up  the  array  aperture  (which  is  assumed  to  be  continuous 
here)  will  play  a  dominant  role  in  defining  the  overall  antenna 
performance. 


For  aperture  antennas  of  the  microwave  horn  variety,  the  practicality  of 
the  simplified  analysis  is  limited  by  the  difficulties  of  achieving  the 
desired  illumination  taper  in  the  aperture  of  the  horn.  Hence,  although 
certain  illumination  functions  can  be  approximated  in  practice  these 
usually  fall  into  a  fairly  limited  class  of  distributions. 

Finally  it  is  worth  noting  that  'good'  sidelobe  performance  does  not 
necessarily  demand  that  sidelobes  be  reduced  to  the  same  low  level  at  all 
points  in  space.  Such  a  requirement  is  very  demanding  with  regard  to  the 
mechanical  tolerances  of  the  system  and  may  be  unnecessary  in  many  appli¬ 
cations.  The  meaning  and  implications  of  'good'  sidelobe  performance 
should  be  considered  carefully  in  each  application.  A  general  over¬ 
specification  of  sidelobe  requirements  can  lead  to  inferior  performance 
with  regard  to  the  sidelobe-related  aspects  of  the  antenna  as  well  as 
reducing  gain  or  other  performance  parameters. 

For  example,  in  some  cases  it  may  be  a  worthwhile  trade-off  to  accept  a 
somewhat  higher  level  of  near-in  sidelobes  providing  the  sidelobe  envelope 
exhibits  a  rapid  fall-off  with  angle  from  the  antenna  boresight.  When 
the  antenna  aperture  dimensions  are  limited,  this  trade-off  may  also  be 
preferable  in  that  the  broadening  of  the  base  of  the  main  beam  (which 
occurs  as  a  result  of  strong  illumination  tapers)  may  be  more  harmful 
than  the  higher  near- in  sidelobes  which  the  taper  is  intended  to  reduce. 

In  other  cases  the  sidelobes  in  one  sector  may  be  more  critical  than 
others.  In  such  cases  overall  performance  and  cost  advantages  may  be 
gained  by  relaxing  the  sidelobe  specifications  in  the  less  critical 
regions. 

Thus,  in  general,  it  is  desirable  not  to  specify  sidelobe  performance  by 
means  of  a  single  number,  but  rather  to  provide  some  form  of  performance 
envelope,  towards  which  the  antenna  design  should  be  directed. 
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Fig:  2.1-2  The  envelope  of  the  radiation  pattern  of  a  uniform  line 
source  as  a  function  of  sin  fl  where  0  is  the  angle  off 
bore-sight.  A  is  for  a  line  of  length  10  wavelengths, 

B  one  of  100. 
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Fig. 2. 2-1:  Gain,  G/G0,  normalised  to  that  of  a  uniform  line  source  as  a 
function  of  line  length  for  a  Dol ph-Chebyshev  distribution 
giving  sidelobes  of  (a)-20  dB,  (b)-25  dB,  (c)*30  dB, 

(d)-35  dB. 


Fig. 2. 2-2:  Gain,  G/G0,  normalised  to  that  of  a  uniform  line  source  as 
a  function  of  line  length  for  a  Taylor  distribution  giving 
sidelobes  of  (a)-20  dB,  (b)-25  dB,  (c)  30  dB,  (d) -35 
(n  =  m/k  for  the  Taylor  function). 

(Hansen  R  C:  Gain  Limitations  of  Large  Antennas.  Trans. 
IEEE  on  Ant.  and  Prop.  AP-8,  p.^90). 


Illumination  function  (dB)  across  a  circular  aperture  of 
normalised  radius  for  three  distributions  each  giving -25  dB 
f i rst sidelobes.  Solid  curve,  parabola-on-a-pedestal, 

A/B  -  0.5,  n  *  2. 

Dashed  curve  -25  dB  Taylor  n  =  3- 

Dotted  curve  Parabola-on-a-pedestal,  n  *  2. 5,  A/B  =  0. 575 


0  20  dBt  40 


0o  2a/A  vs  first  sidelobe  level  (dB)  for  a  circular  aperture 
radius  a.  0o  is  the  half-power  beamwidth  in  radians. 
Illumination  functions  are: 

(a)  A  +  B  (I  -(r/a)2)  (c)  Taylor 

(b)  A  ♦  B  ( I  -{r/a)2P  (d)  modified  one-parame ter -Hansen 

The  cross  indicates  a  uniform  distribution. 


0  1  <r  radians  2  3 

Fig.2.3"7:  Gain  loss  in  dB  as  a  function  of  the  rms  phase  error,  a  in 
radians,  for  a  circular  aperture  of  diameter  D.  Correlation 
distances,  C,are  (l)  D/50,  (2)  D/12. 5,  (3)  D/8,  (4)  D/4. 
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Fig. 2. 3*8:  Radiation  pattern  for  a  circular  aperture  diameter,  D,  with 
a  cosine  squared  illumination,  u  *  n  sin  0  D/>  where  h  is 
the  angle  off  axis. 

1.  No  error.  2.  0  -  A/16,  C  =  D/24. 

_ _ 3.  0  -  X/8.  C  -  D/24 


0 
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.06  <r  radians 

F i g . 2 . 3~9 i  First  and  second  sidelobe  levels  for  a  circular  aperture, 
diameter  2 a  (curves  labelled  as  l  and  2)  as  a  function  of 
the  rms  phase  error,  o  in  radians. 

(a)  illumination  1  -(r/a)2,  C/D  =  0.05 

(b)  illumination  1  -(r/a)2,  C/D  *  0.1 

(c)  cosine  squared  illumination  C/D  ■  0.0^4 
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3. 1  Horn  Antennas 

3.1.1  Smooth-walled  fundamental -mode  waveguide  horns 
( i )  Rectangular  pyramidal  horns 

This  has  been  thoroughly  covered  in  the  literature.  Silver*  gives 
formulae  for  the  radiation  pattern  of  rectangular  waveguide  horns  and  many 
examples  with  varying  parameters.  The  rectangular  aperture  horn  obtained 
by  flaring  from  standard  rectangular  waveguide  has  unequal  beamwidths  in 
the  E  and  H  plane.  Empirical  formulae  for  the  10  dB  beamwidths  of 
a  rectangular  aperture,  B  x  A  flared  from  rectangular  waveguide  are: 

E  plane  0^  =  88  X/B  degrees  for  2/3  <  B/X  <  2.5  (7a) 

H  plane  81(J  =  31+  79X/A  degrees  for  5 /*»  <  A/X  <  3  (7b) 

For  a  pyramidal  horn  of  square  aperture,  the  ratio  of  H  plane  to  E  plane 
half  power  beamwidth  is  ~ 1  - 35 • 

These  values  are  for  'optimum'  horns  (i.e.,  those  which  have  minimum 
length  without  gain  degradation)  and  a  symmetric  phase  error  is  permitted 
across  the  aperture.  Providing  the  symmetric  phase  error  is  small,  the 
sidelobes  in  the  H  plane  are  good,  with  the  first  sidelobe  below 
-25  dB,  due  to  the  horn's  tapered  distribution  in  that  plane.  The  side- 
lobes  in  the  E  plane  are  poor  since  the  illumination  in  this  plane  is 
essentially  uniform.  The  first  sidelobe  is  -13  dB  which  is  degraded 
still  further  in  the  'optimum'  horn  by  the  aperture  phase  error. 

2 

The  backlobe  levels  have  been  investigated  by  Yu  et  al  using  an  edge 
diffraction  technique.  Their  results  agree  well  with  measured  rectangu¬ 
lar  horns  and  confirm  that  backlobe  performance  is  poor  when  good  forward 
gain  is  required.  Values  range  from  -25  to  -35  dB,  though  for  practical 
horns,  suppression  to  25-27  dB  would  be  more  likely. 

The  efficiency  of  a  large  'optimum'  rectangular  horn  varies  according  to 

If 

the  phase  error  across  the  aperture  and  Thourel  quotes  several  measured 
values  which  centre  around  60%.  (Values  of  60-70%  seem  likely). 


' "? 
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The  maximum  flare  angle  decreases  with  increasing  aperture  in  order 
to  keep  the  symmetric  phase  error  constant.  Symmetric  phase  errors  with 
magnitudes  of  more  than  rr  wi 1 1  cause  pattern  breakup.  For  large  aper¬ 
tures,  some  method  of  minimising  of  the  horn  length  is  desirable  to 
prevent  the  antenna  becoming  unwieldy.  If  the  phase  error  could  be  cor¬ 
rected,  a  shorter  horn  could  be  used.  This  may  be  achieved  by  use  of  a 
phase-correcting  lens'*  which,  in  addition  to  providing  a  flat  phase-front, 
also  tapers  the  amplitude.  This  improves  side-  and  backlobe  performance 
particularly  in  the  E  plane.  Sidelobes  better  than  -30  dB  have  been 
obtained  in  an  H-plane  sectoral  horn.  One  of  the  major  problems  is 
matching  the  lens  which  otherwise  reflects  a  large  proportion  of  the 
incident  radiation.  Various  matching  techniques  can  be  found  in  the 
literature,  a  surface  layer  of  a  different  dielectric  constant,  a  grooved 
matching  layer  etc.  (see  Section  5-4).  Although  these  enable  good  elec¬ 
trical  performance  to  be  obtained,  they  have  the  disadvantage  of  decreas¬ 
ing  the  bandwidth  to  10  to  20 Z.  Such  horns  are,  of  course,  more  expensive 
to  manufacture  and  perfect  impedance  matching  for  one  linear  polarisation 
only  can  be  achieved. 

However,  the  reduction  in  the  horn  mass  may  compensate  for  these  factors 
(though  the  method  is  hardly  suitable  for  large  aperture  horns  where  the 
mass  of  the  lens  will  offset  the  mass  savings  in  the  horn  and  other  solu¬ 
tions  such  as  the  hog  horn  are  more  suitable  -  Section  4.3).  As  an 
example,  an  H  plane  horn  of  aperture  18  wavelengths  would  have  a  maximum 
flare  angle  of  14°  (an  axial  length  from  apex  to  aperture  of  69  wave¬ 
lengths).  A  horn  of  this  aperture  when  lens  corrected  could  have  a  flare 
angle  of  60°,  giving  a  length  of  14.7  wavelengths. 

The  cross-polar isation  is  likely  to  be  that  of  an  optimum  horn  of  the 
same  aperture.  The  cross-polarisation  is  a  function  of  the  aperture 
dimensions  and  improves  as  the  size  increases.  Rudge  and  Shirazi^  give 
measured  values  of  -20  dB  and  -30  dB  for  two  small  flare-angle  horns  of 
dimensions,  0.92  x  1.11  and  1.75  x  2.22  wavelengths  respectively.  A 
theoretical  model  based  upon  the  tangential  electric  fields  in  the  horn 
aperture  plane  and  termed  the'E  field  model'  appears  to  provide  good 
prediction  of  performance' The  values  quoted  are  peak  values  measured 
in  the  far-field  diagonal  planes  of  the  horns.  (Fig.  3.1-la). 


For  a  smooth  walled  fundamental -mode  conical  horn  for  linear  polarisation 
where  ~  >  1.33  and  'a'  is  the  radius  of  the  horn  aperture,  we  find 

A 

E  plane  half  power  beamwidth  =  60  A/2a  degrees  (8a) 

H  plane  half  power  beamwidth  =  70  A/2a  degrees  (8b) 

The  first  E  plane  sidelobe  occurs  at  90  A/2 a  and  is  about  -10  to  -15  dB 

due  to  the  relatively  uniform  aperture  illumination  in  this  plane  and  the 

q 

symmetric  phase  error  of  an  'optimum'  flared  horn  .  The  second  sidelobe 
is  about  -20  dB  which  is  of  the  same  order  as  the  first  H-plane  sidelobe. 
The  backlobe  is  again  in  the  range  -25  to  -35  dB  but  can  be  improved  by 
using  a  circular  flange  or  ground  plane.  An  improvement  from  -24  dB  to 

-30  dB  has  been  quoted^.  Silver'  gives  the  efficiency  of  a  perfect  horn 

as  75~80%  which  would  fall  to  lower  levels  in  an  'optimum'  horn. 

Figure  3.1-lb  shows  the  measured  levels  reached  by  the  peak  cross- 

polarisation  in  the  diagonal  plane  of  the  radiation  pattern'^.  Recent 
18 

work  by  Adatia  has  successfully  predicted  this  performance  by  using 
the  E  field  model.  The  null  is  due  to  cancellation  between  the  field 
curvature  effect  at  large  diameters  and  the  dipole  effect  which  dominates 
at  small  diameters.  Unlike  rectangular  aperture  horns,  the  cross¬ 
polarisation  performance  of  conical  smooth-walled  horns  is  poor  for  large 
apertures,  with  peak  cross-polarised  lobes  in  the  diagonal  planes 
(relative  to  the  polarisation  vector)  of  the  order  of  -18  to  -20  dB. 

Various  methods  have  been  applied  to  Improve  the  performance  of  these 

horns.  For  instance,  the  addition  of  a  lens  at  the  horn  aperture  to 

correct  the  phase  error  would  enable  a  shorter  horn  to  be  used  for  larger 

apertures.  This  can  improve  the  sidelobes  by  12  dB  as  well  as  giving  mass 

savings^'".  Another  method  of  improving  performance  of  a  very  small 
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horn  lies  in  adding  a  peripheral  choke  to  the  aperture  .  In  this 
design,  the  overall  horn  diameter,  including  the  choke,  is  of  the  order 
of  1  wavelength  and  the  aperture  diameter  approximately  0.78  wavelengths. 
The  E  and  H  plane  patterns  are  identical  down  to  levels  of  -15  dB  (where 
the  beamwidth  is  60°)  and  the  cross-polarisation  peak  is  less  than  -30  dB. 
Efficiency  is  75  to  85%  (Ref. 12).  There  are  no  sidelobes  and  no  informa¬ 
tion  is  given  on  backiobe  performance,  but  it  should  be  reasonably  good 


since  one  function  of  the  peripheral  choke  is  to  suppress  the  edge 
currents  which  contribute  to  the  back  radiation. 

This  method  has  been  extended  to  several  annular  chokes  on  small  aperture 
13  14 

horns  ’  .  The  backlobe  which  at  -13  dB  is  poor  for  small  horns  can  be 

improved  to  -40  dB  by  using  these  chokes.  The  bandwidth  can  be  large  (20%) 

but  the  penalty  paid  is  that  the  original  aperture  diameter  is  increased 

from  0.86  A  to  1.94  A.  An  efficiency  of  95%  is  claimed  but  this  is  not 

clearly  defined  and  cannot  be  an  aperture  efficiency.  In  the  feed 
1 2 

described  by  Cowan  ,  (see  above)  the  increase  in  diameter  is  0.78  to  1  A, 
but  the  bandwidth  over  which  the  cross-polarisation  radiation  from  the  feed 
is  low,  is  rather  narrow,  i.e.,  typically  5%.  Note  that  this  particular 
treatment  is  aimed  primarily  at  improved  co-polar  radiation  pattern 
symmetry  and  cross-polarisation  suppression  and  is  only  applicable  to 
horns  with  apertures  small  in  terms  of  wavelengths. 

Epis1^  has  described  a  third  method  where  radial  pins  are  placed  every  15° 
round  the  outside  of  the  circular  aperture.  This  has  no  effect  on  the 
H  plane  illumination  which  is  zero  at  the  edge,  but  effectively  reduces 
the  E  plane  aperture  which  increases  the  beamwidth.  This  method  has 
the  advantage  that  the  same  technique  works  for  two  orthogonal  linear 
polarisations.  The  bandwidth  is  40%,  VSWR  <  1.25  and  beamwidth  equality 
in  E  and  H  planes  was  obtained  to  -8  dB.  However,  this  method  does  widen 
the  physical  aperture  of  the  horn  and  it  is  unlikely  that  the  method 
could  be  applied  successfully  to  horns  of  larger  aperture  than  the  1.5  A 
used  here. 

3.1.2  Multimode  smooth-wal led  horns 

The  sidelobe  suppression  which  is  achievable  with  smooth-walled  fundamen¬ 
tal-mode  waveguide  horns  is  limited  by  the  essentially  uniform  field 
distribution  which  is  set  up  in  the  E  plane  of  the  horn  aperture.  As  we 

have  discussed,  this  can  be  modified  by  adding  a  peripheral  structure 
around  the  aperture  of  small  horns,  but  these  techniques  have  little  or 
no  effect  when  the  horn  diameter  is  increased.  The  illumination  taper 
in  the  aperture  plane  of  a  waveguide  horn  antenna  can  be  modified  by 
controlled  overmoding  techniques  and  some  of  these  will  now  be  discussed. 
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(i)  The  diagonal  horn  antenna 

Love1  has  constructed  a  horn  whose  radiation  pattern  is  almost  circularly 
symmetric  and  has  low  sidelobes  in  all  planes  (-23  dB) .  The  horn  is  a 

'diagonal  horn'  where  the  electric  field  lies  along  a  diagonal  of  a  square 

aperture.  This  is  achieved  by  transforming  from  standard  TE^q  guide  to 
TEjj  in  circular  guide  from  which  another  transition  is  made  to  a  square 
section  oriented  at  45°  to  the  original  rectangular  axes. 

This  horn  provides  equal  E  and  H  plane  patterns  with  first  and  second 
sidelobes  at  -32  and  -42  dB  respectively.  Theoretically,  the  sidelobes 
in  the  45°  plane  should  be  -19  dB.  In  practice,  these  occurred  at  -26  dB 
which  Love  attributes  to  the  amplitude  tapering  effect  of  a  lens  inserted 
to  correct  errors  in  the  aperture  phase.  The  half  power  beamwidth  is 
58.5  A/D°  where  D  is  the  side  dimension  of  the  square  aperture.  This 
should  be  compared  with  51  A/D°for  the  E  plane  of  a  fundamental  mode  horn. 

The  aperture  efficiency  was  in  the  range  60  to  70%. 

The  major  defect  of  this  horn  is  the  high  level  of  cross-polarisation 
present  on  the  45°  plane.  The  peak  level  is  -16  dB  at  an  angle  of 
60  A/D°.  There  is  no  cross-polarisation  above  the  -40  dB  level  in  the 
principal  planes.  The  other  defect  is  the  horn  length.  The  transitions 
are  of  fixed  length  regardless  of  the  final  aperture  dimensions.  This 
will  make  a  low-gain  horn  rather  longer  than  is  normally  desirable.  In 
addition,  the  theory  does  not  work  well  for  small  horns  with  values  of 
D/A  approaching  unity.  The  models  built  and  tested  were  all  in  the 
region  D  «  10  A  giving  a  main  beam  which  is  rather  narrow  to  be  used  as  a 
reflector  feed  (for  example,  half  power  beamwidths  of  5.5  and  8.5°  for 
the  two  models),  except  for  Cassegrain  reflectors  with  large  effective 
F/D  ratios. 

(i i )  The  Potter  or  dual  mode  horn 

A  much  superior  horn  with  good  axisymmetric  radiation  characteristics  and 
relatively  low  sidelobe  levels  is  described  by  Potter  .  This  is  a  coni¬ 
cal  horn  in  which  both  TE^  and  TMj j  modes  propagate.  The  higher  order 
mode  is  excited  by  an  axisymmetric  step  in  diameter  just  outside  the 
throat  region.  The  length  of  the  TM^  mode  generating  and  phasing  section 
and  the  distance  to  the  horn  aperture  act  to  narrow  the  bandwidth  for  an 
axisymmetric  radiation  pattern  to  about  5%  since  the  modes  must 
radiate  from  the  aperture  with  the  correct  relative  phase  and  the  mode 
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velocities  are  different  within  the  device.  Note  that  the  impedance 
bandwidth  of  these  devices  is  essentially  similar  to  the  fundamental¬ 
mode  conical  horn. 

Over  this  relatively  narrow  bandwidth  the  sidelobes  of  the  Potter  horn 
can  be  suppressed  to  below  the  -30  dB  level  in  all  planes.  At  the 
band  edges  there  is  a  tendency  for  'shoulders'  to  occur  on  the  main  beam 
of  the  radiation  pattern  at  levels  of  the  order  of  -25  dB.  For  linear 
polarisation,  the  peak  cross-polarised  lobes  radiated  by  the  Potter  horn 
occur  on  the  diagonal  plane  and  can  be  suppressed  to  the  -33  dB  level  for 
a  well  designed  horn^. 

The  backlobe  of  this  antenna  is  due  to  edge  diffraction.  However,  since 
the  two  modes  are  out  of  phase  and  tapered  to  the  edge,  a  low  value  of 
-50to-60dB  can  be  achieved.  Potter  states  that  equalising  the  E  and 
H  plane  beamwidths  of  the  conical  horn  always  results  in  minimising  the 
backlobe  radiation. 
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A  further  modification  by  Bailey  has  produced  a  somewhat  shorter  horn 
by  putting  all  the  phasing  and  mode  conversion  into  the  horn  section. 

The  patterns  in  E  and  H  planes  are  identical  down  to  the-IOdB  level  over  a 
6%  band  and  the  VSWR  is  less  than  1.1  over  a  20%  band  while  the  axial  ratio 
was  less  than  1.2  dB  from  1375  to  1550  MHz.  Sidelobes  are  less  than 
-30  dB  in  all  planes. 

( i i i)  Rectangular  overmoded  horns 

A  rectangular  aperture  horn  of  this  type  has  been  described  by  Han  and 
Wickert^.  Besides  having  a  step  in  waveguide  dimensions  to  excite 
TE/TM| £  and  TE/TM2J  modes,  two  separate  flared  sections  are  employed. 

This  is  because  higher  modes  are  generated  at  flare  changes,  whose 
amplitude  is  proportional  to  the  change  in  flare  and  the  change  in  flare 
angle  should  be  restricted  to  5°.  An  experimental  horn  was  tested  at 
X  band  which  gave  a  good  circularly  polarised  pattern  with  an  elliptical 
contour.  The  sidelobes  were  less  than  -28  dB  and  the  axial  ratio  was 
less  than  1  dB  (i.e.,  peak  cross-polarised  levels  of  less  than  -24  dB) . 

There  is  no  information  on  efficiency,  backlobe  or  VSWR  which  is  stated 
to  be  good.  Nor  is  there  any  information  on  bandwidth  which  is  likely 
to  be  narrow. 
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It  is  worth  noting  that  this  type  of  rectangular  multimode  horn  could 
act  as  a  feed  for  an  elliptical  reflector  though  in  the  referenced  case 
it  was  designed  for  direct  use  on  a  spacecraft  and  therefore  had  a  beam 
to  half  power  of  15.2°  x  8.8°.  No  structural  dimensions  are  given  in 
the  literature. 

Another  multi-flared  pyramidal  horn  is  described  by  Cohnb  who  aimed  at 
converting  some  TEjq  to  TEj2  and  TM^  as  above.  Cohn  took  precautions 
against  exciting  higher  modes  such  as  TE^  by  using  successive  small 
flare  angle  changes  instead  of  abrupt  steps.  Due  to  this  procedure, 
the  differential  phase  shift  between  the  point  of  mode-excitation  and  the 
aperture  is  decreased.  The  standing  wave  ratio  was  less  than  1.02  and 
the  E  and  H  plane  patterns  were  closely  equal  down  to  -15  dB  over  the 
frequency  range  3*7  to  l>. 2  GHz.  Sidelobes  were  -22  dB  in  E  plane  at 
3.7  GHz,  otherwise  were  less  than  -28  dB.  At  4  GHz  the  aperture  was 
7.45  A  and  the  length  52.49  X. 

Another  version^  is  quoted  as  having  an  aperture  efficiency  of  75  ±  3% 
over  the  range  9.5  to  10.5  GHz.  The  backlobe  performance  is  not  specified 
but  is  probably  better  than  -40  dB. 


Satoh  has  conducted  a  thorough  study  of  useful  modes  and  the  power 
required  in  each  to  give  the  most  axisymmetric  radiation  patterns  from 
both  circular  and  rectangular  aperture  horns.  F i g . 3 - 1 “2  shows,  for  a 
circular  aperture,  the  ratio  of  E  plane  to  H  plane  half  power  beamwidth, 
the  first  (E  plane)  sidelobe  and  the  maximum  cross-polarisation  as  a 
function  of  the  percentage  of  power  In  TMj j  (he  assumes  TEjj  and  TM^  to 
be  the  only  modes  present).  The  best  results  were  obtained  when  the  power 
in  TMj j  was  about  11%.  10  to  17%  would  give  acceptable  performance. 

Figure  3.1-3  shows  the  same  functions  for  a  square  horn.  Satoh  took 
modes  TEjq  and  TE ^ 2  t0  be  Present*  Each  of  the  additional  modes 
produces  cross-polarisation  but  the  fields  are  opposite  so  there  is  some 
chance  of  cancel lation. 

The  optimum  ratio  of  powers  is  claimed  to  be: 

TE | 0  :  TE)2  :  TM)2  -  82  :  4  :  14 


(9) 
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The  halfpower  beamwidth  in  the  45°  plane  was  2%  different  from  the  E  and 
H  plane  beamwidths  when  those  were  equal. 

Satoh  then  generated  these  modes  by  inserting  dielectric  rings  part  way 
down  the  flare  of  a  conical  smooth  walled  waveguide  horn.  For  this 
conical  horn,  the  cross-polarisation  was  lowered  from  -16  dB  to  -40  dB 
over  a  3$  band  and  -28  dB  over  13$  band.  Side  lobes  were  lower  than 
-35  dB.  The  pattern  in  E,  H  and  45°  planes  were  identical  down  to  the 
-25  dB  level.  In  this  horn  the  dimensions  were  such  that  higher-order 
modes  could  be  generated  and  grooves  were  cut  in  the  horn  walls  to 
suppress  them. 

o 

Similar  results  were  obtained  by  Satoh  for  a  square  horn,  performance 
was  good,  though  the  cross-polarisation  was  poorer  (for  inexplicable 
reasons).  See  Tables  3.1*1.  3*1*2  for  comparative  data.  (Section  3.1.4). 

(v)  Twin-wire  horn 
g 

A j ioka  and  Harry  describe  another  type  of  low  sidelobe  conical  horn. 

In  this  multi -mode  horn  the  TMj  j  mode  is  generated  by  a  version  of  a  TEM 
mode  structure  (see  Fig. 3. 1“4).  The  dominant  mode  (TEjj)  propagates 
through  the  horn  throat  and  a  fraction  of  the  power  is  coupled  to  the  TEM 
rod  structure.  This  fraction  is  controlled  by  the  stub  height,  and  can 
be  15  to  20$. 

The  TMj j  mode  is  launched  at  the  end  of  the  stubs  and  both  modes  propagate 
to  the  mouth  of  the  horn.  The  length  L  controls  the  relative  phases  of 
the  modes  and  the  phasing  can  be  correct  over  a  20$  bandwidth.  The 
behaviour  of  the  radiation  pattern  is  much  like  that  of  the  Potter  horn; 
there  are  two  disadvantages.  The  first  is  that  the  structure  is  fragile. 
Clearly  any  vibration  which  alters  the  rod  position  will  produce  incorrect 
moding.  Also  the  horn  is  very  long.  The  aperture  diameter  discussed  in 
this  paper  is  2.31  X  and  the  overall  length  is  18  wavelengths  (at  9  GHz). 

By  way  of  comparison,  a  dual  mode  horn  of  the  Potter  type  described  by 
Shirazi^  for  30  GHz  operation  has  an  aperture  diameter  of  2.8  X  and  an 
overall  length  of  6.61  X.  These  dimensions  can  be  decreased  still  further 
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employing  the  techniques  of  Bailey  . 


It  has  already  heen  shown  that  by  the  addition  of  higher  order  modes  or 
by  the  addition  of  peripheral  chokes  to  a  circular  aperture,  significant 
improvements  can  be  made  in  the  ax i symmetry  of  the  radiation  patterns 
obtained  from  such  structures,  with  additional  benefits  in  improved  side- 
lobe  and  cross-polar  lobe  suppression.  These  effects  can  also  be 
achieved  by  use  of  cylindrical  horns  with  circular  corrugations  within 
the  flare  itself. 

In  the  Potter  horn  TE^  and  TMj |  modes  have  to  be  present  in  the  correct 
ratio  at  the  aperture.  Because  of  the  differing  phase  velocities  of 
these  modes  in  the  horn,  the  bandwidth  is  limited.  A  corrugated  horn 
can  be  designed  such  that  both  modes  propagate  with  equal  phase  velocities, 
thereby  combining  to  form  a  single  hybrid  mode  (HE 1 1 ) -  Since  the  TE j  ^ 

and  TMj j  modes  can  be  made  to  be  essentially  degenerate  in  this  structure, 
bandwidths  of  up  to  50%  are  feasible. 


Simmons  and  Kay^  measured  circularly  symmetric  patterns  for  various  horns 
with  included  flare  angles  between  80°  and  140°  and  found  side lobes  to  be 
less  than  -30  dB.  For  these  large  flare-angle  horns,  the  half  power  beam- 
widths  have  been  found  to  be  less  frequency  dependent  than  would  be  antici¬ 
pated  from  consideration  of  a  fixed  diameter  circular  aperture.  The  -10  dB 
beamwidth  of  the  scalar  feed  has  been  found  to  be  about  0.75  of  the  flare- 
angle. 

Examples  of  patterns  for  an  included  angle  of  60°  are  shown  by  Clarricoats 
2 

and  Saha  who  found  the  E  and  H  plane  radiation  patterns  equal  down  to 
levels  of  -35  dB  which  occurred  at  angles  of  ±50°  f rom  boresight .  The  maximum 
sidelobe  is  stated  to  be  -45  dB  and  there  is  an  implication  that  the  back- 

lobe  may  be  less  than  this,  but  the  wording  is  vague. 

Clarricoats  and  Saha  in  another  paper^  have  attempted  to  shorten  the 
length  of  the  horn  by  using  a  correcting  lens.  This  widens  the  main  beam 

of  the  radiation  pattern.  Since  the  angle  of  flare  is  now  large,  up  to 

120°,  the  backlobe  is  poor  at  30-40  dB  and  the  efficiency  must  be  decreased. 
In  another  publication  Cahill  et  al  define  the  efficiency  of  a  similar 
horn  plus  lens  arrangement  as  70%  which  seems  high  -  the  first  sidelobe 
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A  similar  arrangement  tested  by  Smith^  had  a  first  sidelobe  at  -30  dB, 
the  backlobe  better  than  -40  dB  and  the  aperture  efficiency  had  the  more 
plausible  value  of  55%. 

Only  the  effect  of  the  flare  angle  has  been  mentioned  so  far.  Jansen 
et  a  1 ^  have  measured  the  radiation  pattern  of  horns  with  an  included 
flare-angle  of  120°  and  with  two  slant  heights  of  1.31  and  6.36  wave¬ 
lengths.  The  widths  to  10  dB  were  practically  identical  but  the  larger 
feed  had  a  flat-topped  radiation  pattern  and  a  much  sharper  fall-off 
than  the  small  version.  The  larger  feed  is  more  suitable  as  a  reflector 
feed  where  spillover  will  be  minimized.  In  both  cases  the  H  and  E  plane 
radiation  pattern  were  alike.  Under  these  conditions  it  is  clearly  not 
possible  to  discuss  such  parameters  as  aperture  efficiency  though  the 
upper  limit  on  efficiency  is  stated  to  be  ( >3% . 

Although  no  dimensions  are  given  in  the  literature,  the  rectangular  horn 
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described  by  Frank  which  uses  triangular  shaped  corrugations  must  be  a 
wide  angle  horn.  This  horn  had  a  gain  of  11  to  12  dB  over  the  band 
7.5  to  18  GHz  and  the  beamwidths  (E  and  H  plane)  remained  within  the 
range  42°±  5°.  Sidelobes  are  less  than  -20  dB  up  to  12  GHz  but 
deteriorate  at  higher  frequencies. 

(i i)  Narrow  flare-angle  corrugated  horns 

As  a  consequence  of  their  useful  qualities  as  high-performance  dual- 
polarised  feeds  for  reflector  antennas,  the  theory  of  these  horns  has  been 
the  subject  of  considerable  investigations.  The  reader  is  referred  to 
the  papers  collected  in  Ref. 7  for  details.  The  design  and  optimisation 
of  the  corrugations  has  been  of  particular  interst.  Mentzer  and 
Peters^  suggest  that  the  density  and  shape  of  the  corrugations  should  be 
varied  along  the  horn  taper  to  obtain  minimum  transmission  loss  and  VSWR. 
The  dimensions  of  the  horn  (included  flare-angle  usually  less  than  60°) 
are  chosen  according  to  the  rules  for  fundamental  mode  horns. 

Narasimhan10  gives  details  of  design  for  horns  of  an  included  flare-angle 
less  than  60°  (see  Fig.3.1_5).  Coleman  et  a  1 1 1  gives  the  full  pattern 
of  a  corrugated  circular  horn  (Fig.3- 1 ~ 6)  which  shows  the  low  backlobe 
obtainable  with  the  corrugated  horn.  E  and  H  plane  patterns  are  essen¬ 
tially  identical.  This  is  a  Q-band  example  of  gain  23.2  dB. 


Clarricoats  and  Saha  have  provided  a  comprehensive  analysis,  and  state 
that  the  efficiency  of  a  corrugated  feed  horn  of  small  included  angle  is 
65  -70%. 

Considerably  less  information  on  sidelobe  level  is  available  for  a  rect¬ 
angular  corrugated  feed  horn.  The  first  sidelobe  level  of  one  such  horn12 
varied  between  -20  and  -31*  dB  over  the  band  8-11  GHz.  Cross-polarisation 
had  a  maximum  value  of-28dB  on  axis  but  the  peak  values  which  might  be 
expected  to  occur  in  the  diagonal  planes  were  not  reported.  Gain  was 
0.6  to  2.0  dB  lower  than  an  ordinary  rectangular  horn,  i.e.,  87  to  63% 
of  the  efficiency  of  a  gain-optimised  rectangular  horn.  Considerable 
difficulties  were  encountered  in  the  design  of  the  horn,  as  a  result  of 
undesired  higher  order  modes.  This  may  account  for  the  low  efficiency 
and  high  cross-polarisation  levels  reported. 
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Bahret  and  Peters  have  also  discussed  a  square  corrugated  horn  of  small 
flare-angle  (15.2°)  into  which  they  have  introduced  higher  order  modes. 

At  10.6  GHz  the  aperture  is  6  wavelengths  and  there  is  no  evidence  of 
sidelobes  or  backlobes  above  -55  dB.  However,  at  the  nearby  frequency  of 
9.5  GHz,  the  sidelobes  were  extremely  high.  This  narrow  bandwidth  must 
be  attributed  to  the  use  of  higher  order  modes  which  have  to  be  correctly 
phased  in  the  radiating  aperture  to  give  the  designed  radiation 
characteristics. 


$.\.k  Horn  antennas;  Summary 

The  prediction  of  the  co-polarised  radiation  from  most  forms  of  waveguide 
horn  can  be  achieved  with  reasonable  accuracy  in  the  main  beam  area  by 
means  of  well  established  techniques.  The  cross-polarised  fields  in  this 
region  can  also  be  predicted  with  acceptable  accuracy  using  techniques 
based  upon  an  approximate  knowledge  of  the  tangential  electric  field  in 
the  aperture-plane  of  the  horn  (i.e.,  the  E  field  method).  The  prediction 
of  the  overall  sidelobe  performance  from  low-gain  horns  is  less  satisfactory 
although  the  E  field  method  can  usually  provide  adequate  predictions  of 
the  first  sidelobe  levels  providing  the  tangential  electric  field  assumed 
for  the  horn  aperture  is  reasonably  accurate,  and  due  allowance  is  made 
for  any  spherical  phase  error  introduced  by  the  flaring  of  the  horn. 

Accurate  knowledge  of  the  wide-angle  radiation  from  low-medium  gain  horn 
antennas  must  still  be  obtained  from  experimental  data. 


In  practice,  significant  deviations  between  predicted  and  measured  side- 
lobe  performance  may  result  from  unwanted  overmodi ng  in  the  horn  structure, 
or  tolerance  effects.  For  small  horns  the  immediate  vicinity  of  the 
antenna  must  be  considered  as  a  part  of  the  radiating  structure  and  as 
such, can  significantly  modify  the  overall  radiation. 

Good  sidelobe  suppression  can  be  achieved  with  horn  antennas,  particularly 
if  the  field  distribution  in  the  aperture  of  the  horn  can  be  made  to  taper 
smoothly  to  a  low  value  at  the  aperture  edge.  Choked  and  dual-mode  (Potter) 
conical  horns  can  provide  these  characteristics  over  narrow  bandwidths 
(i.e.5^)  and  the  more  massive  (and  more  expensive)  cylindrical  corrugated 
(hybrid-mode)  horns  can  produce  similar  performance  over  bandwidths  of 
up  to  50%.  Achieving  pattern  symmetry  in  these  devices,  which  is  a  common 
design  goal  when  the  antennas  are  used  as  high-performance  reflector- 
antenna  feeds,  also  appears  to  optimise  the  cross-polar  and  sidelobe  and 
backlobe  suppression. 

For  rectangular  horn  geometries  a  similar  pattern  emerges  although  the 
development  of  high-performance  rectangular  corrugated  horns  lags  con¬ 
siderably  on  their  cylindrical  counterparts.  The  analysis  of  rectangular 
corrugated  devices  is  somewhat  more  complex  than  the  cylindrical  types 
and,  in  practice,  considerable  difficulties  are  encountered  in  avoiding 
the  generation  of  unwanted  higher-order  modes  in  these  antennas.  Present 
levels  of  achievement  in  these  devices  are  general ly  inferior  to  those  of 
cylindrical  corrugated  horns  in  most  aspects  of  their  performance. 

However,  in  certain  applications,  the  rectangular  geometry  will  be  essen¬ 
tial  and  this  may  outweigh  any  other  considerations. 

In  Table  3.I.I.  typical  performance  characteristics  of  most  of  the  useful 
horn  types  are  summarised.  This  data  is  based  upon  measured  performance 
data  obtained  from  the  literature  survey. 

Table  3.1.2  provides  dimensions  for  specific  gain  values  for  various 
horn  types  which  are  commonly  applied.  This  data  is  obtained  from  the 
references  in  Sections  3.1.1  to  3.1.3 • 

Dividing  the  horns  into  three  general  types,  Table  3*1.3  shows  an  attempt 
to  provide  a  very  simple  categorisation  of  their  performance.  This  table 
is  useful  only  for  the  most  general  comparison  since  the  selection  of  a 
horn  for  any  specific  application  will  be  heavily  influenced  by  a  range 
of  weighting  factors  which  have  not  been  included  here. 
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Table  3.1.J 


Characteristics  of  horn  antennas 


Sidelobes  (dB) 

Cross¬ 

polarisation 

■I 

■ 

■ 

Ha 

M." 

■Hi 

Antenna 

type 

E  plane 

H  plane 

Peak 

(dB) 

Plane  of 
max i mum 

m 

1  Optimum- 
gain" 
rect. 

-10  to 
-13 

<-26 

-25 

-20  to 

45° 

30 

60-70 

la  Plus 
lens 

-30 

<-30 

<-35 

*2 

45° 

10 

60 

2  Optimum- 
gain" 
circular 

-  10 

-27 

-25 

-20  to 
-30*3 

45° 

40 

60 

2a  Plus 
lens 

<-22 

<-30 

<-35 

*2 

45° 

10 

60 

3  Choked 
horn 
(D<1 .2x) 

<-50 

<-50 

-4o 

-32 

45° 

5 

75 

A  Potter 
horn 

<-30 

<-30 

-50 

<-33 

H 

5 

60 

5  Diagonal 
horns 

-32  M 

<-40 

<-4o 

-16 

45° 

? 

65 

6  Scalar 
(wide 
angle) 

<-30 

<-30 

-50 

-30  to 
-40 

on  axis 

50 

65 

6a  Plus 
lens 

-27 

<-30 

-50 

<-40 

on  axis 

15 

55 

7  Narrow 
angle 
circular 
corru¬ 
gated 
horn 

<  50 

<  50 

<  8o 

-40  to 
-50*5 

on  axis 

40 

65 

8  Corru¬ 
gated 
rect. 
horn 

-30 

<-30 

-50 

-15  to 
-30 

on  axis 

30 

50 

*  Defined  as  the  shortest  possible  horn  with  gain  degradations  <0.2  dB. 

*1  Performance  improves  with  increasing  aperture. 

*2  As  the  optimum  fundamental  horn,  unless  the  lens  is  zoned  in  which 
case  it  deteriorates.  Zoning  is  necessary  for  mass  purposes  (say  an 
aperture  in  a  large  dielectric  lens  of  more  than  15  wavelengths). 

*3  For  1.33  wavelength  aperture.  Performance  improves  as  diameter  de¬ 
creases  to  an  optimum  diameter  of  1.14  wavelength. 

*4  -26  dB  In  the  45°  plane. 


Maximum 


r*-  cm 

r< 

O  vO 

s 

•  • 

<0 

sO 

K 

vO 

■ 

vO 

r< 

00 

Q 

CM 

Circular  corrugated  horn. 
Diameter  D. 
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Table  3.1.3 

Comparative  ratings  for  3  horn  types 


Type 

Fundamental 

mode 

Multi -mode 

Corrugated 

Minimum  outer  dimensions 

1 

1 

2 

Minimum  length 

1 

2 

3 

Minimum  mass 

1 

2 

3 

Best  sidelobe  suppression 

3 

2 

1 

Best  backlobe  suppression 

3 

2 

1 

Best  cross-polarisation 
suppression 

3 

2 

1 

Largest  operational  band¬ 
width 

1 

3 

2 

1  is  best,  3  is  worst 


3.2  Dielectric  Antennas 


3.2.1  Dielectric  rods 

A  dielectric  cylinder  may  support  a  guided  wave  and  this  property  can  be 
used  in  the  construction  of  antennas.  The  phase  velocity  is  a  function 
of  the  rod  diameter  d  and  the  dielectric  constant,  er  (see  Ref.l).  If 
the  cylinder  is  terminated,  the  end  will  radiate  in  the  same  way  as  an 
open  waveguide  does.  There  are,  however,  important  differences. 

The  manner  in  which  the  travelling  wave  is  bound  to  the  rod  (usually  most 
of  the  power  flows  outside  the  rod)  is  dependent  on  the  phase  velocity. 

The  nearer  the  phase  velocity  to  free  space  velocity,  the  thinner  the  rod 
and  the  less  the  wave  is  bound  and  the  larger  the  final  effective  aperture. 
The  illumination  in  a  transverse  plane  across  the  end  of  the  rod  will  be 
near  Gaussian  and  the  resultant  radiation  pattern,  whose  beamwidth  de¬ 
creases  with  the  rod  diameter,  has  no  sidelobes  and  is  perfectly  smooth 
(Fig. 3. 2-1).  The  usual  mode  is  a  dipole  mode,  HE ^  j  which  is  the  lowest 
propagating  mode  (linear  polarisation).  Provided  the  initial  diameter 
is  not  too  large,  no  higher  modes  will  be  generated. 

This  is  the  ideal  case.  In  practice  there  are  several  complicating  factors. 
The  antenna  is  usually  fed  from  waveguide.  Waveguide  has  a  lower  limit  on 
its  diameter  and  the  final  diameter  of  the  dielectric  rod  is  much  less 


than  this  so  a  taper  must  be  introduced  to  reach  the  final  required  dia¬ 
meter.  Clearly,  if  the  dielectric  constant  is  high,  say  greater  than  5, 
precautions  have  to  be  taken  to  avoid  higher  order  modes  being  generated 
which  will  radiate  as  soon  as  the  rod  becomes  too  thin  to  bind  them 
effectively.  Also,  some  symmetric  modes  have  an  end  fire  null  and  thus  any 
energy  in  such  modes  will  radiate  into  the  sidelobe  region. 

If  the  dielectric-rod  taper  is  too  severe,  radiation  will  occur  along  the 

rod  and  interfere  spatially  with  that  originating  from  the  end  of  the  rod. 

2 

Methods  are  available  for  choosing  a  suitable  taper  to  minimise  this 
effect.  Equally,  the  immediate  surroundings  of  the  antenna  must  be  kept 
free  of  conducting  obstacles,  which  might  affect  the  fields  along  the  rod. 

The  antenna  feed  point  (often  called  the  'launcher')  is  another  source  of 
interference.  It  is  difficult  to  launch  a  wave  on  to  a  rod  with  100% 
efficiency.  80%  from  a  waveguide  would  be  accounted  fair  and  90%  good. 

The  difficulty  lies  in  matching  the  fields  on  the  rod  to  those  on  the 
guide.  (The  larger  the  launcher  diameter  the  easier  this  operation  tends 
to  be).  The  excess  radiation  is  radiated  directly  from  the  launcher  and 
gives  a  wide  radiation  pattern  which  will  interfere  with  the  wanted  pattern 
since  the  phase  centres  are  separated  by  the  length  of  the  rod. 

If  there  is  no  radiation  from  the  launcher  or  the  taper,  then  the  rod  may 
be  terminated  as  soon  as  the  desired  diameter  is  reached.  However,  it  is 
essential  that  the  radiation  from  the  rod  and  launcher  be  correctly  phased 
in  the  forward  direction  in  order  to  maximise  the  gain.  This  governs  the 
length  of  rod  at  the  final  diameter  beyond  the  end  of  the  taper.  The  phase 
velocity  for  a  small  diameter  rod  approaches  that  of  free  space;  thus  the 
differential  phase  shift  between  rod  and  launcher  increases  slowly  and  high 
gain  antennas  are  long  and  slender.  This  gives  a  practical  upper  limit 
to  the  gai"  of  around  20  dB  for  structural  reasons.  The  guided  wave  to 
be  properly  held  to  the  rod  must  have  the  rod  straight  to  certain  limits 
of  bend  and  roughness^.  These  limits  become  more  stringent  as  the  gain 
increases. 

The  character i st ics  of  the  break  down  of  proper  binding  without  overmoding 
is  radiation  from  along  the  final  straight  section  which  interferes  with 
the  main  beam  causing  high  sidelobes  and  a  loss  of  forward  gain. 

There  is  a  lower  limit  to  gain  which  is  given  by  the  maximum  useful  value 
of  the  relative  phase  velocity  -2  at  -1.2  (Xg  is  the  wavelength  of  the 
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guided  wave).  For  this  value,  the  forward  gain  is  a  little  greater  than 
a  quarter-wave  monopole  over  a  ground  plane. 

The  final  radiation  pattern  is  the  sum  of  these  various  patterns.  With 

good  design,  only  the  launcher  pattern  and  the  rod  pattern  itself  will 

remain.  (The  launcher  pattern  can  be  matched  to  the  surface  wave  field 

precisely  by  a  long  tapered  horn.  However,  such  a  horn  is  so  large  that 

4 

the  physical  advantages  of  the  polyrod  antenna  are  lost  ). 

The  result  of  the  interference  of  these  two  patterns  is  that  sidelobes 
are  high  for  a  low-gain  antenna  and  decrease  as  the  forward  gain  increases, 
also  as  the  launcher  efficiency  increases  (Table  3.2.1). 


Table  3.2.1 

First  sidelobes  for  polyrods  of  various  gains 


Halfpower  beamwidth  (degrees) 

Gain  (dB) 

- » - 

16  20  30 

17  15  10 

launcher  efficiency  n  =  85% 

35% 

First  sidelobe  (E  plane) 

-12.6  -10  -6 

-15  -14  -14 

At  the  angle  where  the  two  sources  of  radiation  are  in  phase  again,  the 
primary  rod  pattern  is  down  by  -!6to-l8dBon  the  peak.  This  can  never  be 
improved  since  the  basic  rod  pattern  has  a  wide  skirt.  The  aperture  effici¬ 
ency  is  typically  30-40%  and  i  s  obtained  from  the  measured  gain  and  di rectivi ty 

From  these  figures,  it  is  clear  that  the  backlobe  radiation  from  the 
dielectric-rod  antenna  will  be  poor,  since  both  sources  of  radiation  con¬ 
tribute  and  the  backlobe  levels  of  open  waveguide  are  generally  high. 

Values  of  -10  to  -15  dB  are  normal.  This  backlobe  radiation  can  be 
suppressed  to  levels  of  the  order  of  -30  dB  by  suppressing  the  launcher 
backlobe  with  chokes.  However,  this  procedure  does  tend  to  narrow  the 
bandwidth  to  151  from  the  more  usual  30%  (Ref. 5). 

Since  the  E  and  H  plane  patterns  are  equal  and  it  is  easy  to  launch  two 
linear  orthogonal  polarisations,  the  polyrod  has  been  widely  used  as  a 
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reflector  feed  ’  .  In  a  typical  example,  a  9.2  wavelength  teflon 

tube  fed  from  standard  waveguide  and  a  1.625  wavelength  feed-cone  had 
equal  half  power  beamwidths  of  34°  at  6.4  GHz.  The  first  sidelobe  was 
-17  dB.  (Ref. 7). 

Small  polystrene  cyl inders£ have  been  used  of  length  0.4  and  0.6  wave¬ 
lengths.  These  had  equal  E  and  H  plane  HPBWs  at  75°  and  60°  respectively. 
Sidelobes  were  -22  dB  in  the  E  plane  and  the  backlobe  was  -25  dB.  The 
cross-polarisation  was  -25  dB  in  the  45°  plane.  By  adding  a  small  ring 
slot  near  the  end  of  the  waveguide  launcher,  compensating  radiation  can¬ 
celled  the  backlobe  and  it  was  reduced  to  less  than  -40  dB  over  a  15% 
bandwidth.  These  antennas  exhibited  the  usual  low  coupling  values  of 
less  than  20  dB  for  spacings  greater  than  0.6  wavelengths. 

a 

Preliminary  attempts  have  been  made  to  make  polyrods  to  mate  with  MILIC 
(Microwave  Image  Line  Integrated  Circuit)  transmission  line.  Two 
materials  used  at  15  GHz  had  dielectric  constants  of  2.25  and  9.8  respec¬ 
tively.  Gains  of  14  to  16  dB  were  obtained  with  sidelobes  around  -15 
to  -17  dB.  A  maximum  gain  of  16.2  dB  at  15  GHz  was  measured  although 
the  antenna  should  have  had  a  gain  of  18  dB.  This  low  gain  was  attribu¬ 
ted  to  dimensional  sensitivity  and  launching  losses  but  it  is  also  possible 
that  the  dielectric-rod  tapers  were  injudiciously  chosen.  Antennas  with 
gains  of  less  than  14  dB  functioned  as  expected. 

Several  attempts  have  been  made  to  use  three-dimensional  dielectric 
shapes  to  improve  performance  of  an  open  ended  waveguide,  particularly 
with  respect  to  cross-polarisation  and  backlobe.  A  series  of  papers  by 
Crosswell  et  al  (see,  for  example,  Ref. 9)  deals  with  the  use  of  small 
spheres  of  plexiglass  (with  a  dielectric  constant  of  2.57  and  a  loss 
tangent  of  0.0065).  The  original  open-ended  circular  waveguide  had  a 
backlobe  of  -20  dB  and  cross-polarisation  of  -30  dB  on  axis.  The  di¬ 
electric  spheres  prov ided  2  dB  more  gain  but  had  a  deleterious  effect  on 
the  backlobe  and  sidelobes.  However,  coupling  between  closely  spaced 
antennas  was  reduced.  This  was  essentially  a  cut-and-try  experiment. 
Ligthart  and  Hollander*®  computed  the  effect  of  a  shaped  dielectric 
mounted  on  an  open-ended  waveguide,  treating  it  as  a  type  of  lens  in 
which  the  surfaces  should  be  optimised.  They  measured  the  pattern  of  a 
sphere  and  an  optimised  pear-shaped  object  with  a  dielectric  constant 
er  -  2.53.  The  sphere  had  the  usual  properties  of  narrow  beamwidth  and 


bad  sidelobes.  The  sidelobe  envelope  lies  at  approximately  -20  dB  in 
the  angular  range  ±30°  to  ±180°  which  must  result  in  poor  efficiency. 

The  pear-shaped  dielectric  antenna  was  more  satisfactory  though  the  far- 
out  sidelobe  envelope  is  still  poor  at  around  -25  dB.  The  authors  point 
out  that  the  main  beam  bears  a  close  relationship  to  the  pattern  of  a 
corrugated  horn  (see  Table  3.2.2).  This  antenna  could  be  used  in  a  con¬ 
fined  space  but  the  sp’l lover  efficiency  would  be  poor  since  one  would 
expect  the  corrugated  horn  to  have  near-in  sidelobes  less  than  -30  dB  and 
a  backlobe  of  better  than  -50  dB. 

Table  3.2.2 

Dimensions  of  a  dielectric  antenna  and  a  corrugated  horn  of 
the  same  beamwidth  at  11.81  GHz  (all  in  mm) 


ielectric  antenna 


Corrugated  horn 


Length 

Maximum  diameter 


Length 

Maximum  diameter 


Halfpower  beamwidth  is  20  in  E  and  H  planes  for  both 
antennas. 

.2.2  Dielectric  horns  and  Dielguide 


In  the  past  few  years,  considerable  attention  has  been  given  to  dielectric 
horns,  cones  or  pyramids,  hollow  and  solid,  because  they  have  good  cross¬ 
polarisation  properties  and  are  smaller  in  diameter  than  the  corresponding 
conical  horn  though  usually  longer  by  a  factor  of  as  much  as  50%  (Ref. 11). 
The  sidelobes  from  these  devices,  however,  are  always  poor;  -15  dB  in  the 
E  plane,  -20  dB  in  the  H  plane  are  typical  first  sidelobe  values.  Back- 
lobes  can  be  kept  below  -30  dB  usually  because  of  the  presence  of  a  launch 
ing  feed  horn.  Gains  of  up  to  24  dB  can  be  achieved  with  operational 
bandwidths  of  30%  (Refs. 12, 13) • 

14 

The  most  important  version  of  these  antennas  is  the  Dielguide  .  In  this 
antenna  a  dielectric  cone  is  extended  along  the  principal  axis  of  a  para¬ 
bolic  or  Cassegrainian  reflector  system.  The  material  used  by  Bartlett 
14 

and  Moseley  to  form  the  Dielguide  antenna  had  a  dielectric  constant 

-4 

between  1.08  and  1.15  with  a  loss  tangent  of  4  x  10  These  antennas 
provide  a  relatively  high-efficiency  illumination  of  the  reflector. 
Patterns  for  a  Cassegrain  Dielguide  feed  were  flat  topped  with  sidelobes 
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less  than  -32  dB  in  E,  H  and  45°  planes.  The  pattern  was  virtually 
symmetric  so  that  the  cross-polarisation  was  very  low. 

One  additional  advantage  is  that  the  Dielguide  will  act  as  a  support  for 
the  feed  horn  launcher  and  supporting  struts  etc.  are  not  required.  This 
will  reduce  blockage  with  subsequent  improvements  in  gain  and  sidelobe 
performance  for  the  secondary  radiation  pattern. 

However,  the  Dielguide  feed  is  not  without  problems;  in  particular: 

-  The  presence  of  higher  order  modes  which  will  lead  to  enhanced 
sidelobes  and  cross-polarisation. 

-  An  inability  to  handle  large  powers  in  transmission. 

Increased  susceptibility  to  the  effects  of  rain  falling  on  the 
Dielguide  cone. 

3.2.3  Synopsis  of  dielectric  antennas 

Dielectric  rods  and  horns  are  suitable  for  locations  where  the  available 
cross-sectional  area  is  limited  because  their  maximum  diameter  is  much 
less  than  that  of  the  equivalent  waveguide  horn.  Their  cross¬ 
polarisation  characteristics  can  in  principle  be  adequate  for  many 
applications  but  their  sidelobe  performance  is  not  good  and  cannot  be 
improved  for  fundamental  physical  reasons.  With  careful  design,  i.e., 
slots  etc.  the  backlobe  may  be  reduced  to  levels  of  the  order  of  -kO  dB. 
The  gain  of  a  dielectric  rod  is  restricted  to  20  dB  by  structural  con¬ 
siderations.  A  dielectric  horn  could  achieve  gain  values  of  the  order 
of  26  dB. 

Dielguides  are  a  particularly  useful  form  of  dielectric  horn  which  is 
used  in  a  near  field  condition  as  a  feed  for  a  parabolic  reflector.  In 
this  configuration  the  poor  sidelobe  performance  tends  to  be  unimportant. 
It  cannot  however  be  used  in  a  multiple  beam  antenna.  Table  3.2.3  gives 
typical  achievable  performance  figures. 

Polyrods  have  been  used  at  60  GHz  though  their  performance  in  this  case 
was  poor  due  to  dimensional  inaccuracy.  The  lower  frequency  limit  is  set 
by  the  mass  of  the  antenna.  It  is  probably  about  1  GHz.  Powers  up  to 
20  kW  CW  have  been  reported  with  antennas  of  this  type  although  a  forced- 
air  cooling  system  was  necessary. 
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Table  3.2.3 


Performance  possible  with  a  dielectric  antenna 


Aperture 

Side 

obes 

iff  iciency 
% 

1 1 1 1 L  - 

f*  1 

if 

(dB) 

H  plane 

Backlobe 

(dB) 

Bandwidth 

% 

Dielectric 

rod 

30-40 

5-20 

-16 

-20 

-35 

20 

Dielectric 

horn 

40 

10-26 

-15 

-26 

-40 

30 

3-3  Broadband  Antennas 


3.3.1  Hel ices 

The  standard  single  wire  helix*  over  a  ground  plane  has  a  bandwidth  of 
1.7  :  1  with  a  sidelobe  suppression  of  better  than  -13  dB.  End  fire 
gains  are  between  10  and  23  dB  according  to  axial  length  (between  0.7 
and  10  wavelengths)  and  the  antenna  operates  in  circular  polarisation,  the 
hand  depending  on  the  direction  of  winding.  The  helix  circumference  must 
be  between  0.75  and  1.25  wavelengths  for  end  fire  radiation.  The  back- 
lobe  can  be  troublesome  and  values  of  -12  to  -)8  dB  are  common,  even 
with  a  ground  plane  of  2  or  3  wavelengths  (X)  diameter.  If  this  could  be 
as  large  as  10  X,  the  backlobe  would  be  reduced  but  the  size  of  the 
antenna  would  be  large  compared  to  the  forward  gain.  The  backlobe  of  an 
array  of  several  hel ices  over  a  common  ground  plane  can  be  reduced  to 
below  -30  dB  (Ref. 2).  For  helices  the  axial  ratio  between  3  dB  points  is 
(2n  +  l)/2n  where  n  is  the  number  of  turns  in  the  helix.  Frequencies 

between  100  MHz  and  35  GHz  can  be  used  . 

4 

The  quadrifilar  helix  has  four  counterwound  tape  helices,  equally  spaced 
ci rcumferential ly  round  a  cylinder  and  fed  with  signals  of  equal  amplitude 
but  relative  phases  of  0°,  90°,  180°  and  270°.  It  will  operate  over  a 

6  :  1  band.  Sidelobes  are  reported  to  be  typically  in  the  range  -10  to 

-15  dB. 

4 

The  Counterwound  Quadrifilar  Helix  responds  to  linear  polarisation. 
Bandwidth  is  4  s  I  for  sidelobes  better  than  -10  dB.  The  cross¬ 
polarisation  level  varies  between  -11  and  -30  dB  over  the  band  but  is 
reported  as  being  mostly  better  than  -22  dB. 
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The  backlobes  of  quadrifilar  elements  are  reported  as  being  virtually 
uncontrollable  even  with  a  ground  plane.  Values  vary  between  -6  and 
-20  dB  for  circular,  and  -14  and  -30  dB  for  linear  polarisation  elements. 
Over  most  of  the  operational  band,  values  are  better  than  -15  dB  but 
narrowing  the  antenna  bandwidth  will  not  improve  the  mean  level. 


On  the  whole,  these  elements  will  not  provide  low  sidelobe  performance 

1  4 

though  their  radiation  performance  appears  to  be  very  predictable  *  . 


Table  3-3.1 

Helix  performance  characteristics 


Hel  ix 

Quad  helix 

Counterwound 
quad  helix 

Gain  range  (dB) 

0-23 

10-23 

10-23 

Sidelobes  (dB) 

<-15 

-10  to  -15 

-10  to  -15 

Backlobe  (dB) 

-12  tc  -18 

-6  to  -20 

-14  to  -30 

Polarisation 

Circular 

Circular 

Linear 

Axial  ratio  (dB) 

1.2 

<1.8 

- 

Cross-polarisation  (dB) 

- 

- 

<-22 

VSWR 

<2 

<2 

<2 

Bandwidth 

1.7  :  1 

6  :  1 

6  :  1 

Frequency  range  (GHz) 

0.02  to  40 

0.02  to  10 

0.02  to  10 

Dimensions 

Length: 

0.7  to  10  X 

1  wavelength 
in  circum¬ 
ference 

As  hel  ix 

As  hel ix 

3.3.2  Coni  cal -spiral  antennas 

These  antennas  can  be  considered  to  lie  between  helices  and  planar  spiral 
antennas  and  are  essentially  frequency- independent  antennas,  i.e.,  the 
gain  and  performance  should  be  nearly  constant  over  a  wide  bandwidth. 

The  cone  surface  has  an  included  angle  of  less  than  45°.  Larger  angles 
degrade  the  impedance  match.  The  cone  base  must  be  at  least  3/8  of  a 
wavelength  in  diameter  at  the  lowest  frequency.  The  radiation  patterns 
are  circularly  polarised  to  40°  off  boresight.  The  actual  value  of  the 

half  power  beamwidth  varies  between  70°  and  180°  and  is  dependent  on  the 
pitch  angle  of  the  winding. 


cal  (2.5  :  1  bandwidth)  or  conical  (5  :  1  bandwidth).  As  might  be 
anticipated,  the  use  of  a  cavity  does  give  better  backlobe  performance! 

Table  3.3-3 

Data  for  cavity  backed  spiral  antennas 


Gain  (dB) 

4-6 

Side lobes 

none 

Backlobe  (dB) 

<-25 

Polarisation 

CP 

Axial  ratio 

<1 .2 

VSWR 

<2 

Frequency  range 

0.1-10  GHz 

Bandwidth 

3  :  1 

Dimensions 

X]/3  diameter  where  X\  is 
the  largest  wavelength 

Efficiency  (%) 

90 

Obtained  from  the  measured  gain  and  directivity 
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3 . 3 •  **  Log  periodic  dipole  antennas 


This  class  of  antenna  provides  linear  polarisation;  in  its  basic  form 
the  bandwidth  and  gain  depend  on  the  length  of  the  antenna  and  the  number 
of  resonant  elements.  Forward  gains  of  7-12  dB  can  be  achieved,  though 
a  high  gain  LPDA  tends  to  be  structurally  unwieldy.  Backtobes  are 
approximately^ -17  dB  for  a  high  gain  antenna  but  can  be  -10  dB  for  low 
gain  versions.  Arrays  of  LPDAs  have  better  back  lobes  and  side  lobes  are 
not  usually  present  since  the  half  power  beamwidth  is  at  best  50°.  When 
sidelobes  do  occur,  they  are  of  the  order  of  -10  dB.  LPDAs  can  be 
deployed  orthogonally  in  space  and  excited  in  phase  quadrature  to  provide 
circular  polarisation. 

Table  3.3-1* 

Data  on  LPDAs 


For  all  these  frequency- independent  antennas  the  sidelobe  and  backlobe 
performance  is  poor.  This  is  not  surprising  since  the  element  is  small 
in  wavelengths  and  there  are  no  parameters  which  can  be  used  to  adjust 
the  aperture  illumination. 
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3-3.5  Ridged  horns 

Ridged  waveguide  is  known  to  have  a  broader  bandwidth  than  normal  rect¬ 
angular  waveguide.  This  theory  has  been  extended  to  flared  waveguide, 
i.e.,  horns  with  ridges  and  these  function  as  broad-band  horns. 

King  et  al'  describe  one  which  has  four  tapered  ridges,  one  in  the  centre 
of  each  horn  wall.  The  isolation  of  two  orthogonal  linear  polarisations 

was  better  than  1 8 . 5  dB  and  the  VSVR  <2  over  the  band  2  to  12  GHz.  The 
E  and  H  planes  were  equal  and  the  gain  varied  between  8  and  2k  dB  mono¬ 
ton  i cal ly.  There  is  no  back lobe  information  regarding  this  antenna  but 
there  are  occasional  E  plane  sidelobes  at  the  higher  frequencies  which 
rise  to  -9  dB  (Hplane  -16  dB)  at  12  GHz.  This  is  a  constant  aperture 
horn  rather  than  a  frequency  independent  antenna  such  as  an  LPDA  (which 
provides  constant  gain  over  its  operational  bandwidth).  Kerr  has  dis¬ 
cussed  a  constant  gain  ridged  horn  with  two  opposed  ridges  (linear 
polarisation  only).  For  this  antenna  the  gain  between  I  and  12  GHz 
varied  by  only  a  few  decibels  (12  ±  1  dB) .  The  radiation  patterns  show 
the  occasional  sidelobe  of  -10  dB  and  the  backlobe  was  around  -10  dB 
though  this  was  said  to  be  due  to  the  poor  range  used  for  measurements. 
However,  the  size  of  the  horn  was  small  in  that  it  comprised  an  138.2  mm 
square  aperture  and  an  overall  length  of  186.1  mm  for  a  gain  of  12  dB. 

These  horns  do  have  wider  bandwidths  than  is  common  in  conventional  wave¬ 
guide  horns  but  the  radiation  performance  characteristics  leave  a  great 
deal  to  be  desired.  Whether  it  would  be  possible  to  have,  say,  a  3  :  I 
bandwidth  and  improve  the  sidelobe  performance,  is  not  clear. 


Table  3.3.5 
Ridged  horn  data 


Gain  range  (dB) 

10-20  dB 

Sidelobes  (dB) 

-10  to  -15 

Backlobe  (dB) 

-10  to  -15 

Polarisation 

1  inear  or  circular 

VSWR 

<2 

Bandwidth 

10  :  1 

Frequency  range  (GHz) 

0.1  to  30 

3.4  Conclusions:  Low  Gain  Antennas 

With  low  gain  antennas,  the  degree  of  control  which  can  be  exercised  over 
the  antenna  aperture  illumination  characteristics  tends  to  be  limited 
because  the  aperture  is  relatively  small  in  terms  of  wavelengths.  Only 
in  the  case  of  certain  waveguide  horns  such  as  the  multi-mode  and  corru¬ 
gated  types,  can  the  illumination  be  tapered  to  improve  sidelobe  perform¬ 
ance  significantly.  However,  in  these  cases  the  sidelobe  and  backlobe 
performance  of  the  horn  can  be  optimised  to  suppress  these  spurious  radia¬ 
tions  to  reasonably  low  levels.  Fortunately,  for  cylindrical  horns,  the 
parameter  optimisation  which  leads  to  maximum  radiation-pattern  symmetry 
and  minimum  cross-polarised  radiation  also  appears  to  coincide  with  the 
conditions  necessary  to  achieve  maximum  sidelobe  and  backlobe  suppression. 

With  most  wideband  and  frequency- independent  antenna  types  the  control  of 
sidelobe  radiation  appears  to  be  extremely  limited  and  the  avai-fable  para¬ 
meters  are  generally  optimised  with  the  broad-band  characteristics  of  the 
antenna  in  mind.  Little  work  appears  to  have  been  reported  on  the  trade¬ 
off  between  radiation  performance  and  bandwidth  for  these  antennas. 

Dielectric  antenna  types  are  rarely  inherently  low  sidelobe  devices,  since 
increased  difficulties  exist  in  exerting  total  control  of  fields  which  may 
be  only  lightly  bound  to  an  open  structure. 

The  choice  of  antenna  type  to  be  deployed  for  a  given  application  will 
always  be  dependent  upon  a  number  of  factors.  However,  if  minimum  spurious 
radiation  were  the  only  factor  of  concern,  it  appears  clear  that  horn 
antennas,  and  particularly  cylindrical  or  conical  versions  producing  axi- 
symmetric  field  distributions,  would  be  an  obvious  choice. 


20  d«gr«il  40  60 

g . 3 . ! - > a :  Cross-polar  radiation  field  from  a  fundamental  mode  rect¬ 
angular  aperture  smooth  walled  horn.  Aperture  dimensions 
a/A(E  plane)  x  pa/A  ( H  plane).  For  the  values  of  a/A  shown 
p  *  1.36  except  for  a/A  =  0.92  where  p  =  1.2. 

Half  the  radiation  pattern  in  the  1*5°  plane  is  shown. 
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F i g . 3 • 1  -  I b :  Variations  in  the  peak  cross-polar  radiation  from  funda¬ 
mental  mode  conical  horns  of  aperture  diameter,  d,  as 
predicted  by  the  E  field  model.  $  are  measured  data. 
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Fig. 3. 1-2:  The  effect  of  varying  the  percentage  of  TM. .  mode  pow 
present  in  a  conical  multi-mode  horn  of  aperture  4.06 
wavelengths . 

(a)  Ratio  of  E  plane  to  H  plane  half-power  beamwidth 

(b)  Solid  curve;  first  sidelobe  in  the  E  plane;  da 
curve;  peak  cross-polarisation  within  the  -3  dB 
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F i g . 3 . 1 ~5a :  Gain  (dB)  vs  aperture  radius,  r/A ,  for  various  axial 

lengths  in  wavelengths  for  a  narrow  angle  corrugated  horn 


gain  dB* 


F  i  g .  3 .  1  -  5  b :  Length,  L,  and  diameter,  D,  in  wavelenqths  vs  gain  for  a 
narrow-angle  corrugated  horn  of  optimum  dimensions. 
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Fig. 3. 2-1:  Radiation  patterns  of: 

(a)  An  ideal  poly  rod. 

(b)  A  uniform  circular  aperture  of  the  same  half¬ 
power  beamwidth. 
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4  MEDIUM  GAIN  ANTENNAS 

These  antennas  may  have  gains  in  the  range  15~30  dB.  They  are  ail 
amenable  to  control  of  their  aperture  Illuminations  to  give  improved 
sidelobe  and  backlobe  performance. 

4. I  Corner  Reflectors 

These  antennas  (Fig. 4. 1-1)  consist  of  two  reflecting  sheets  forming  a 

corner  of  angle  6.  The  width  is  U  and  the  slant  length,  L.  They  are 

driven  by  at  least  one  feed  element,  usually  a  dipole  which  is  symmetric- 

1  2 

ally  placed  at  a  distance,  s,  from  the  apex  line.  Cottony  and  Wilson  ’ 

investigated  the  E  and  H  plane  radiation  patterns  of  antennas,  at 

W  L 

2000  MHz,  with  1  <  j  <  10  and  0.5  <  y  <  5.  6  and  s  were  varied  at  each 

setting  to  give  maximum  gain  though  the  aperture  efficiency  was  always 
poor  at  30  to  40$.  The  forward  directivity  increased  from  5  to  18  dB  as 

L  and  W  increased.  Since  infinite  extension  In  y  does  not  affect  the 
aperture  illumination,  this  parameter  can  be  limited  to  two  wavelengths. 
The  E  and  H  plane  beamwidths  change  very  little  beyond  this  value  of  L. 

For  these  optimised  configurations,  the  H  plane  sidelobes  were  generally 
below  -30  dB  while  the  E  plane  values  were  below  -20  dB.  The  mean  level 
of  the  backlobe  radiation  in  the  range  -140°  to  180°  to  +140°  is  shown  in 
Fig. 4. 1-2. 

Cottony  and  Wilson  were  interested  in  an  antenna  design  having  very  low 
sidelobes  and  tested  a  corner  reflector  fed  by  a  col  linear  array  of  10 
half-wave  dipoles,  0.8  X  apart,  with  a  Chebyshev  amplitude  distribution. 
This  array  was  parallel  to  the  dimension  W;  L  was  two  wavelengths  and 
W,  10.  All  sidelobes  and  backlobes  were  less  than  -40  dB  and  the  authors 
suggest  that  -50  dB  is  feasible.  In  order  to  reduce  the  backlobe  still 
further,  Wilson  and  Cottony  placed  chokes  round  the  reflector  edge.  No 
significant  change  in  the  radiation  pattern  was  observed  even  when  the 
choke  was  filled  with  absorber.  Closing  the  ends  of  the  reflector  with 
metal  plates  caused  deterioration  in  the  backlobe  suppression. 

Table  4.1.1  gives  some  typical  performance  figures. 
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Table  4.1.1 

Corner  reflector  characteristics  \ 


Single  element 

Col  1  inear  array 

Gain  range  (dB) 

5-18 

As  required 

Sidelobes  (dB) 

<-20 

A 

1 

O 

Back lobe  (dB) 

A 

1 

45“ 

O 

A 

1 

45“ 

O 

Polarisation 

1  inear 

1  inear 

VSWR 

<1.5 

<1.5 

Bandwidth  (%) 

20 

5* 

Frequency  range  (GHz) 

0.1  to  10 

0.1  to  10 

Efficiency  (%) 

<40 

<40 

"determined  by  the  array. 


4.2  Backf i re  Antennas 

This  antenna  type  was  developed  from  a  surface  wave  antenna  which  was 
terminated  in  a  plane  reflector,  to  provide  enhanced  gain  in  the  backfire 
direction.  The  length  of  the  surface  wave  section  made  this  a  cumbersome 
antenna  and  Ehrenspeck'  replaced  the  surface  wave  section  with  a  small 
reflecting  disc  half  a  wavelength  from  the  main  reflector,  with  a  dipole, 
or  similar  small  driven  element,  near  the  midpoint  between  the  two  reflec¬ 
tors  (see  Fig. 4. 2-1) . 

A  variety  of  these  antennas  has  been  developed,  ranging  from  a  sleeve 

2 

dipole  in  a  small  cavity  of  gain  10  dB,  to  the  short  backfire  antenna 
(SBF)  with  several  feed  elements  giving  gains  up  to  25  dB  (Refs. 1,3).  The 
sidelobes  and  backlobes  can  be  reduced  by  adjusting  the  height  of  the  rim 
which  affects  the  aperture  illumination.  This  parameter  is  normally  used 
to  maximise  the  forward  gain  and  aperture  efficiences  of  70-90%  have  been 
achieved.  Quoted  sidelobe  levels  (of  experimental  models)  are  around 
-20  dB  and  backlobes  -20  to  -30  dB.  Improvements  might  be  achieved  if 
the  rim  height  was  adjusted  for  minimum  sidelobe  radiation  rather  than  maxi¬ 
mum  aperture  efficiency.  The  cross-polarisation  is  that  of  the  feed  element 
but  this  topic  1$  not  dealt  with  in  detail. 

A  version  which  is  more  suitable  for  frequencies  above  3  GHz  has  been 
described  by  Large^.  An  open  ended  waveguide  is  used  as  the  driven 


-  75- 


element  at  9  GHz.  This  has  the  advantage  of  high  power  operation,  low 
transmission  loss  and  better  bandwidth.  With  the  feed  halfway  between 
the  two  reflectors  (spacing  0.6  X) ,  a  gain  of  13-5  dB  was  obtained  from  a 
two  wavelength  diameter  antenna.  E  and  H  plane  beamwidths  were  equal  and 
E  plane  sidelobes  were  -16  dB  while  H  plane  were  better  than  -30  dB. 

This  is  not  as  good  as  the  dipole-fed  antenna.  A  further  version  used  a 
trough-shaped  aperture  in  place  of  the  circular  cavity.  This  aperture 
was  fed  by  a  sectoral  horn.  The  E  plane  sidelobes  were  at  best  -12  dB. 


Theory  on  the  SBF  antenna  and  its  variants  is  lacking;  the  quoted 
results  (Table  4.2.1  below)  are  experimental  and  have  been  obtained  from 
various  workers^’**’”*.  A  good  review  is  provided  by  Hristov  and  Kumar^. 


Table  4.2.1 

Data  on  the  short  backfire  antenna 


Gain  range  (dB) 

Bandwidth 

10-18** 

2  :  I*2 

Frequency  range  (GHz) 

0.1  to  10 

Dimensions 

A  cylinder  1.5  to  2.5  X  in 
diameter  x  0.5  X  high 

Sidelobes  (dB) 

<-20 

Backlobe  (dB) 

<-30 

Polarisation 

As  feed  element 

Cross-polarisation 

Not  confirmed 

VSWR 

<1.8 

Gains  up  to  25  dB  cad  be  achieyed  if  a  larger  cavity  is  used  with  an 
array  of  feeds. 

l 

Gains  are  reduced  by  as  much  as  6  dB  for  octave  bandwidths. 


4.3  Hoghorn  Antennas 

An  antenna^  which  has  particularly  good  sidelobe  performance  in  the  far- 
out  and  backlobe  region  is  the  'hoghorn1  which  comprises  a  conical  horn 
section  coupled  with  an  offset  section  of  a  paraboloid  reflector 
(Fig. 4. 3-1 ) .  The  edges  of  the  conical  horn  are  normally  extended  to  meet 
the  reflector. 


-  76  - 


2 

A  simplified  hoghorn  using  a  corrugated  horn  (Fig.3.l“6  shows  the  radia¬ 
tion  of  the  horn  alone  gain  23.2  dB)  with  an  offset  paraboloidal  section 
provided  a  final  gain  of  40  dB.  The  half-power  beamwidth  was  1.7°.  Side- 
lobes  were  present  out  to  180°  at  the  -75  to  -80  dB  level  but  included  a 
major  peak  of  -50  dB  at  60°  from  boresight  on  one  side.  This  is  due  to 
spillover  from  the  conical  horn  section  which  does  not  intercept  the  hog¬ 
horn  reflector.  When  the  hoghorn  aperture  was  shrouded  and  the  shroud 
lined  with  absorber,  this  high  sidelobe  disappeared  and  beyond  ±30°  from 
boresight  all  sidelobes  were  less  than  -78  dB.  The  beamwidth  was  unchanged 
but  the  gain  had  decreased  by  0.2  dB  due  presumably  to  losses  in  the 
absorber.  The  near-in  sidelobes  were  reduced  slightly  though  beyond  ±10° 
they  were  already  less  than  -40  dB.  This  antenna  gives  some  indication 
of  the  excellent  wide  angle  sidelobe  performance  to  be  obtained  from 
antennas  of  the  hoghorn  type. 

The  cross-polarisation  performance  of  these  antennas  tends  to  be  rather 
poor,  however,  as  a  consequence  of  the  offset  reflector  surface.  For  the 
hoghorn  conf iguration,  an  offset  parabolic  surface  with  large  offset  angle 
is  implied  and  peak  cross-polar  levels  of  the  order  of  -20  to  -30  dB  can 
be  expected. 


Hoghorns  have  been  thoroughly  studied, theoret ical ly  and  experimentally  by 
the  Bell  Telephone  Laboratories.  The  original  version^  had  -15  dB  first 
sidelobes  and  the  radiation  pattern  was  down  to  -30  dB  by  ±10°.  The 
half  power  beamwidth  was  1°  at  2.39  GHz  with  an  aperture  efficiency  of 
76%.  There  was  a  prominent  spillover  lobe  of  -30  dB  at  70°  from,  bores i ght . 
Some  improvements  resulted  in  the  pattern  of  Fig. 4. 3-2.  The  original 
defects  were: 

-  A  plateau  between  30°  to  60°  at  -50  dB  but  only  in  vertical 
polarisation.  This  was  traced  to  18  bolts  which  fastened  on 
the  weather  cover  and  projected  into  the  pyramidal  part  of  the 
antenna  just  below  the  aperture.  By  modifying  the  fastening 
so  that  there  were  no  periodic  projections  inside,  the  side¬ 
lobe  level  was  reduced  below  -60  dB. 


A  spillover  lobe  of  -30  dB  at  70°  to  80°  from  boresight  in 
horizontal  polarisation.  The  window  edge  of  fibreglass  acted 
as  a  slit  radiator.  After  it  was  covered  over  with  conduct¬ 


ing  tape,  the  lobe  reduced  to  -50  dB.  Blinders  were  tried  first 

Ki  1  f  m  A  a*A  I  >1  •  m#  L .  1  ^  L  .  _  _  •  _  t 


-  77  - 


There  remained  a  lohe  at  90°  at  a  level  of  *50  dB.  This  was  reduced  to 
-58  dB  by  attaching  a  half  blinder  to  the  opposing  sides  of  the  antenna 
aperture  (Fi g . A . 3~3) .  The  angle  of  this  blinder  and  Its  size  and  length 
are  critical  to  the  suppression  of  the  sidelobe.  The  general  level  of 
sidelobes  between  10°  and  30°  is  still  higher  than  theoretical  by  10  to 
15  dB  and  this  is  regarded  as  unsatisfactory  by  Bell  Telephone  Laboratories. 

One  of  the  disadvantages  of  blinders  is  that  they  do  not  have  a  wide¬ 
band  correction  effect.  The  half-blinder  described  above  operated  suc¬ 
cessfully  at  4  and  6  GHz, but  modern  frequency  allocations  require  that 
the  antenna  operates  at  11  GHz  as  well.  Siller^  considered  the  effects 
of  using  an  array  of  small  edge  blinders  (see  Fig. 4. 3-3).  This  gives 
a  large  number  of  parameters  for  adjustment  and  the  spillover  lobe  was 
successfully  reduced  to  below  -70  dB  in  all  three  frequency  bands.  The 

backlobe  was  less  than  -80  dB.  Full  details  of  the  procedure  for 

6  9 

adjusting  the  parameters  are  given  in  Siller's  paper  . 

This  detail  has  been  included  to  show  the  care  that  is  necessary  to 
achieve  sidelobe  suppressions  of  this  order.  It  should  be  noted  that 
the  papers  cited  span  the  years  1961  to  1975*  showing  how  much  effort 
has  been  invested. 

Similarly  good  sidelobe  performance  was  obtained  by  Afifi^  who  increased 
the  hoghorn  reflector  focal  length  to  infinity  by  using  a  flat  reflector 
and  fed  this  with  a  plane  wave  from  the  near  field  of  a  paraboloid.  This, 
he  claimed,  should  reduce  the  backlobe  from  -50  dB  to  -«.  In  practice, 
backlobes  of  -60  dB  were  measured  ( Fig . 4 . 3“4 ) .  The  sidelobes  were 

improved  by  using  'forming  cylinders  which  were  covered  with  absorber'. 

O 

A  more  compact  version  of  the  hoghorn  is  the  little  used  'Cass-horn^,  where 
the  feed  horn  of  the  original  hoghorn  is  replaced  &/  a  hyperboloid  sub¬ 
reflector  and  feed  horn  as  shown  (Fig. 4. 3-1 ) .  The  sidelobes  are  low  and 
the  backlobe  less  than  -60  dB  (Fig. 4. 3-5).  This  antenna  had  an  aperture 
of  30  wavelengths  at  11  GHz.  The  gain  was  36.3  dB  giving  an  aperture 
efficiency  of  50%.  This  seems  lower  than  possible. 
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To  summarise,  the  sidelobe  levels  outside  the  near«ln  region  and  backlobe 
levels  of  hoghorns  can  be  reduced  by  careful  designs  to  very  low  levels. 
The  efficiency  can  be  as  high  as  761  although  this  may  not  be  realisable 
with  a  very  low  sidelobe  design.  The  main  drawback  is  that  it  is  cumber¬ 
some  and  requires  a  special,  large,  pedestal,  though  the  Cass -horn  version 
is  less  bulky.  It  should,  however,  be  recognised  that  a  great  deal  of 
work  has  been  expended  on  achieving  these  low  side  lobes  and  possibly 
similar  performance  could  be  obtained  from  other  antenna  types  if  the 
same  amount  of  care  and  attention  was  applied. 


Table  4.3 


Data  on  hoghorn 


Gain  range  (dB) 

20-40 

Bandwidth 

as  feed 

Frequency  range  (GHz) 

1-60 

Sidelobes  near- in  (dB) 

Dependent  on  the  illumination  -15 
to  possibly  -35 

far-out  (dB) 

<-50 

backlobe  (dB) 

<-70 

Peak  cross-polarisation  (dB) 

<-27 

VSWR 

<1.1 

Efficiency  {%) 

75  for  15  dB  first  sidelobe 
<50  for  35  dB  first  sidelobe 

Measured  for  Andover  hoghorn.  This  will  depend  on  the  feed  type  and  new 
multi-mode  feeding  techniques  might  suppress  this  to  lower  levels10. 
These  techniques  are  discussed  further  in  Section  5.2  on  offset  para¬ 
bolic  reflector  antennas. 


Fig. 4. 2-1:  Schematic  representation  of  a  backfire  antenna.  Dimensions 
are  in  wavelengths. 


Geometry  of  two  types  of  hoghorn. 


-  86  - 


5  HIGH  GAIN  ANTENNAS 

High  gain  is  achieved  by  the  use  of  an  antenna  whose  aperture  dimensions 
are  large  in  terms  of  wavelengths.  The  aperture  illumination  is  much 
more  amenable  to  adjustment  and  there  is  generally  more  scope  for  suppres¬ 
sion  of  sidelobe  and  backlobe  radiation  with  these  antennas  than  for  the 
types  previously  discussed. 

The  radiation  patterns  resulting  from  specific  aperture  illumination 
functions  were  discussed  in  Chapter  2.  The  following  sections  consider 
various  antenna  types  with  a  view  to  discovering  what  aperture  illumina¬ 
tions  may  be  achieved  in  practice  and  what  additional  factors  must  be 
taken  into  account. 

Each  major  section  contains  a  sub-section  on  theory  plus  comparison  with 
relevant  results  in  order  to  confirm  the  general  viability  and  quality  of 
the  theoretical  predictions.  A  following  sub-section  presents  some 
measured  results,  arranged  where  possible  in  tabular  form  and  a  last  sub¬ 
section  provides  tables  and  a  graphical  presentation  of  back lobe/side  lobe 
parametric  dependence. 

5.1  The  Axisymmetric  Parabolic  Reflector 

Of  the  many  forms  of  antenna  which  can  be  designed  to  provide  high-gain 
performance,  the  parabolic  reflector  antenna  and  its  variants  are  the  most 
popular.  This  preference  for  the  parabolic  reflector  is  soundly  based 
on  a  cost-effective  criterion  and  is  unlikely  to  be  radically  changed  in 
the  next  decade.  However,  as  a  consequence  of  the  increasingly  demanding 
performance  specifications  which  are  emerging,  it  appears  that  improvements 
and  refinements  in  the  design  of  these  antennas  must  be  forthcoming  if 
they  are  to  maintain  their  dominance  in  applications  where  sidelobe  sup¬ 
pression  is  critical.  To  place  such  improvements  and  refinements  in 
perspective,  we  will  first  consider  the  radiation  performance  of  some 
typical  reflector  antennas  and  the  correlation  between  the  sidelobe  sup¬ 
pression  realised  in  practice,  and  that  predicted  by  various  techniques 
including  the  simplified  scalar  theory  described  in  Chapter  2. 

The  axisymmetric  parabolic  reflector  in  either  its  front-fed  or  Cassegrain 
form  is  the  most  commonly  utilised  configuration  for  antenna  systems  and 
the  sidelobe  characteristics  of  this  class  of  radiator  will  be  considered 
initially. 


4 
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5.1.1 


Sidelobe  prediction  using  simple  aperture-distribution 


theory 


In  Chapter  2,  a  simple  scalar  aperture-distribution  theory  was  adopted  to 
illustrate  the  relationships  between  a  given  illumination  taper  in  the 
aperture  plane  of  an  antenna  and  the  radiated  sidelobes.  However,  for 
axisymmetric  reflector  antennas,  the  design  of  a  primary-feed  antenna  to 
provide  a  specific  aperture  illumination  will  not  be  sufficient  to  ensure 
that  the  radiated  sidelobe  levels  comply  with  the  scalar  predictions. 

This  fact  is  demonstrated  in  Fig.5.1“l.  The  figure  shows  the  radiation- 
pattern  of  a  32  wavelength  diameter  Cassegrain  antenna  with  its  aperture 
illumination  tapered  to  approximately  -8  dB  at  the  reflector  rim.  The 
dashed  line  in  the  figure  denotes  the  envelope  of  the  sidelobes  to  be 
expected  from  an  ideal  uniformly  illuminated  circular  aperture,  which 
should  (according  to  the  simple  scalar  theory)  produce  a  higher  level  of 
sidelobe  radiation  than  the  tapered  illumination  case.  In  this  case  it 
is  the  large  blockage  of  the  aperture  introduced  by  the  sub-reflector 
which  is  a  principal  source  of  the  sidelobe  degradation.  There  are  other 
factors,  however,  which  will  be  considered  in  due  course. 


The  electric  field  distribution  in  the  aperture  plane  of  an  unblocked 
front-fed  paraboloid  is  dependent  upon  the  primary-feed  radiation  charac¬ 
teristics  and  the  geometrical  parameters  of  the  reflector  itself.  This 
distribution  can  often  be  modelled  quite  accurately  by  a  function  of  the 
form:  . 

A  +  B(1"(a))n  (,0) 

where  A,  B  and  n  are  selected  constants  and  r  is  the  distance  along  a 
radial  line  from  the  centre  of  the  antenna  aperture  of  radius  a.  However, 
since  low  sidelobe  levels  are  very  sensitive  to  the  aperture  illumination 
function,  it  is  first  necessary  to  accurately  fix  the  parameters  A,  B  and 
n,  which  demands  an  accurate  knowledge  of  the  aperture  field  distribution. 
The  fact  that  any  practical  axisymmetric  reflector  system  will  suffer  from 
blockage,  and  that  the  effects  of  blockage  will  dominate  the  sidelobe 
characteristics  of  the  antenna,  tends  to  make  a  discussion  of  precise 
illumination  tapers  purely  academic.  Typically  the  effect  of  blockage 
will  result  in  peak  sidelobes  in  the  range  -25  to  -30dB  (depending  upon 
geometry)  even  when  the  illumination  taper  set  up  by  the  primary-feed 
Indicates  much  lower  levels. 


It  is  certainly  conceivable  that  one  might  employ  a  multiple-element 
primary-feed  to  generate  a  high-efficiency  illumination  taper  in  the 

aperture-plane  of  a  reflector.  The  array  feed  element  described  by  Rudge 

2  3 

and  Withers  or  the  multi-ring  coaxial  feed  due  to  Koch  are  possible  can¬ 
didates,  for  example.  However,  to  achieve  very  low  sidelobe  performance 
the  feed  would  also  have  to  compensate  for  the  fields  scattered  from  the 
struts  and  the  blockage  itself,  and  this  seems  far  less  feasible. 

Figure  5-l“2  shows  the  radiation  pattern  of  a  60  X  diameter  reflector 
(F/D  =  0.36)  illuminated  by  the  Koch  feed.  The  efficiency  of  the  antenna 
is  claimed  to  be  78%  which  is  high,  but  the  near- in  sidelobe  performance 
is  indifferent,  as  one  might  expect  from  a  high-efficiency  design. 

In  Cassegrain  antennas  the  aperture- i 1 lumi nation  taper  can  be  adjusted 

4  5 

by  shaping  the  main  and  sub- ref  lectors  .  Again  this  can  be  employed 
to  improve  the  aperture  efficiency  of  the  antenna  but,  in  view  of  the 
blockage  effects,  it  seems  unlikely  that  it  can  provide  the  basis  for 
low  sidelobe  designs.  Nevertheless  it  must  be  noted  that  the  possibility 
of  optimising  the  shaped  Cassegrain  antenna  for  maximum  sidelobe  suppres¬ 
sion  has  not  received  attention  in  the  literature. 

The  simplified  scalar  theory  described  in  Chapter  2  can  be  improved  by 
putting  to  zero  the  aperture  illumination  in  those  regions  of  the  aperture 
plane  which  are  effectively  'shadowed'  by  the  primary-feed  hardware  (or 
the  sub-reflector)  and  the  associated  supporting  struts.  This  scalar 
diffraction  technique  will  provide  some  indication  of  the  effect  of  block¬ 
age  in  the  near- in  sidelobe  region,  but  it  does  not  overcome  the 
problem  of  defining  the  actual  aperture-plane  illumination  taper  set  up 
by  the  primary  feed.  Although  this  technique  can  be  used 

to  obtain  some  indication  of  the  sidelobe  performance  with  typical 
reflector  antennas,  it  provides  no  Insight  into  the  interaction  of  the 
primary-feed  and  reflector  parameters,  and  thus  cannot  be  employed  as  a 
design  aid  or  in  a  parameter-optimisation  role.  Finally,  the  scalar 
theory  provides  no  indication  of  the  antenna  cross-polarisation 
characteristics. 

5.1.2  More  accurate  techniques  for  the  prediction  of  sidelobe  radiation 

The  limitations  of  the  simple  aperture-distribution  techniques  in  pro¬ 
viding  accurate  predictions  of  reflector  antenna  sidelobe  performance  are 
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such  that  they  are  totally  inadequate  when  low-sidelobe  or  highly 
optimised  antenna  designs  are  of  interest.  In  a  practical  ax (symmetric 
reflector  antenna,  all  of  the  following  factors  must  be  modelled  when 
accurate  prediction  of  sidelobe  performance  is  of  concern. 

(i)  The  vector  diffraction  pattern  arising  from  the  reflection  of 
the  primary-feed  fields  from  the  reflector  surface. 

(ii)  Blockage  and  electromagnetic  scattering  due  to  the  primary- 
feed  hardware  (or  sub-reflector)  and  its  supporting  struts. 

(iii)  Primary-feed  spillover  radiation  (i.e.,  that  which  is  not 
incident  upon  the  reflector  surface). 

(iv)  Imperfections  in  the  reflector  surface  profile. 

(v)  Misalignment  of  the  primary  feed  or  sub-reflector. 

(vi)  Backlobe  radiation. 

(i)  The  vector  diffraction  field  arising  from  the  reflector 


With  the  blockage  effects  included,  the  vector  diffraction  field  dominates 
in  the  near-in  sidelobe  region.  The  reflector  diffraction  can  be  predicted 
with  good  accuracy  employing  physical -optics  techniques,  providing  the 
radiation  fields  from  the  primary-feed  antenna  can  be  adequately  modelled. 
For  reflectors  having  diameters  greater  than  20  wavelengths,  ei ther  the 
vector  aperture-field  or  surface  current  techniques  are  adequate  in  the 
near-in  sidelobe  region.  For  smal  ler  diameter  reflectors  the  surface-current 
method  is  to  be  prefer red^’^  and  can  be  usefully  applied  to  reflectors 
with  diameters  exceeding  about  10  wavelengths. 

In  the  aperture-field  technique  the  vector  electric  field  reflected  from 
the  parabolic  surface  is  determined  as  a  function  of  the  primary-feed 
radiation  fields  by  applying  the  physical -optics  approximation.  This 
vector  field  is  then  projected  into  the  reflector  aperture-plane  to  define 
the  tangential  electric  field  in  this  plane.  The  surface  current  tech¬ 
nique  is  also  physical -optics  based,  and  in  this  case  the  reflector  sur¬ 
face  currents  are  determined  as  a  function  of  the  magnetic  field  component 
radiated  by  the  primary  feed.  The  tangential  aperture-field  method 
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results  in  somewhat  simpler  mathematical  expressions  and  is  therefore 
more  convenient  to  use  in  the  near-in  sidelobe  region  of  large  reflectors 
(i.e.  diameters  greater  than  about  20  wavelengths).  At  wide  angles, 
however,  the  additional  approximation  involved  in  projecting  the  reflected 
field  into  the  aperture-plane  becomes  more  significant  and  the  surface- 
current  technique  is  more  reliable.  Figure  5 • 1 ~ 3  shows  an  example  of 
predicted  and  measured  data  using  the  tangential  aperture  field  method. 

Employing  the  surface  current  method,  the  current  distribution  over  the 

reflector  can  be  estimated  using  the  physical -optics  approximation.  For 

reflectors  having  diameters  of  at  least  10  wavelengths,  this  gives  good 

predictions  of  the  reflector-diffracted  fields  within  angles  of  about 

±30°  from  boresight.  The  surface-current  technique  can  be  used  to  predict 

the  diffracted  field  accurately  in  the  far-out  sidelobe  region,  although 

in  this  region  other  effects,  such  as  scattering  from  feed  struts  and 

spillover,  may  play  a  dominant  role  in  defining  the  sidelobe  levels.  The 

method  fails  in  the  shadow  region  because  currents  on  the  back  of  the 

reflector  are  neglected.  For  small  reflectors,  with  aperture  diameters 

less  than  10  wavelengths  or  reflectors  having  high  edge  i 1 iuminations ,  an 

'edge-correction'  current  can  be  introduced  to  improve  the  physical -optics 
8  43 

approximation  *  .  Over  the  illuminated  surface  of  the  reflector,  the 

physical -optics  component  will  normally  dominate  the  overall  current 
distribution  up  to  about  one  wavelength  from  the  reflector  edge.  In  the 
non-i 1 luminated  region  of  the  reflector,  where  the  physical -optics 
current  is  zero,  only  the  edge-correction  component  will  exist.  Hence 
for  these  cases  the  correction  affects  only  the  predicted  rearward  radi¬ 
ation.  For  smaller  diameter  reflectors  the  edge  correction  may  be  more 
significant  in  the  forward  half-plane,  particularly  when  the  edge 
illumination  is  strong. 

For  reflector  antennas  with  surface^current  distributions  which  do  not 
exhibit  an  essential  axisymmetry ,  the  computation  of  wide-angle  sidelobes 
can  become  a  very  costly  operation  in  terms  of  computational  effort, 
since  a  pair  of  two-dimensional  numerical  integrations  are  necessary  at 
each  field  point. 


For  sidelobe  predictions  outside  of  the  main-beam  area,  techniques  based 

upon  the  Geometric  Theory  of  Diffraction  (GTD)  can  be  usefully  employed^'^ 

q 

GTD,  which  is  essentially  a  combination  of  ray-optics  and  diffraction 

coefficients,  also  provides  accurate  predictions  of  the  sidelobe  radiation 

in  the  shadow  region.  However,  in  general  the  method  demands  careful 

application.  Since  GTD  fails  in  the  region  of  the  antenna  boresight,  a 

combination  of  vector  aperture  field  theory  for  this  region,  and  GTD  for 

the  far-out  sidelobes  and  backlobe  region,  is  well  suited  for  large 

reflector  antennas^.  In  the  far-out  sidelobe  region,  the  agreement 

1 2 

between  GTD  and  surface-current  methods  is  generally  good  .  Figure  5. I-1* 

shows  measured  and  computed  E  plane  patterns  for  a  paraboloid  with  a 

short  dipole  feed.  The  H  plane  agreement  is  equally  good.  Discrepancies 

in  the  backlobe  were  attributed  to  poor  feeding  arrangements  at  the  back 

of  the  reflector.  Comparison  of  predictions  and  measurements  for  a 

10  wavelength  paraboloid  with  F/D  =  0.43  fed  by  a  horn  feed  showed  better 

q  i  o 

agreement  in  the  backlobe  region  ’  .  This  result  is  shown  in  Fig. 5. 1“5. 

With  Cassegrain  antennas  the  parabolic  and  hyperbolic  reflector  profiles 
may  also  be  modified  to  provide  improved  efficiency**.  These  techniques 
generally  result  in  antennas  with  relatively  high  near-in  sidelobe  levels, 
as  a  direct  consequence  of  the  near  uni  formi  ty  of  the  field  distribution  in 
the  main  reflector  aperture-plane.  The  mathematical  modelling  of  these 
shaped  surfaces  involves  no  additional  fundamental  difficulties,  however, 
and  the  techniques  referred  to  above  can  be  applied  as  before. 


(ii)  Blockage  and  strut  and  sub-reflector  scattering  effects 


Central  blockage  due  to  the  presence  of  the  primary  feed  or  sub-reflector 
is  commonly  modelled  using  shadow-diffraction  techniques^,  in  which  cur¬ 
rents  or  fields  lying  in  the  shadow  of  the  blocking  hardware  are  put  to 

zero.  The  shadow  is  assumed  to  be  that  when  the  antenna  is  illuminated 

22 

normally  from  the  boresight  direction.  However,  Rusch  and  Sorensen 
have  shown  that  essentially  similar  predictions  are  obtained  if  the  block¬ 
ing  shadow  is  projected  on  tn  the  reflector  surface  from  the  angle  cor¬ 
responding  to  each  field  point.  Providing  the  central  blockage  region  is 
large  relative  to  the  wavelength,  these  techniques  provide  quite  accurate 
predictions  of  the  effect  on  the  antenna  gain  and  the  near-in  sidelobes. 
For  blockage  regions  with  dimensions  on  the  order  of  one  wavelength  or 
less,  it  becomes  necessary  to  give  the  central  blockage  an  'effective 
area'  which  is  somewhat  larger  than  the  projected  shadow. 
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The  blockage  effects  arising  from  the  supporting  struts  can  also  be 

treated  approximately  by  shadow-diffraction  techniques.  However,  there 

are  scattering  effects  which  modify  the  cross-polarised  radiation  and 

far-out  sidelobes  which  are  not  adequately  modelled  by  shadow-diffraction. 
22 

Rusch  and  Sorensen  have  attempted  to  model  the  strut  effects  mathematic¬ 
ally  by  determining  an  approximate  current  distribution  on  the  assumed 
metallic  struts.  Their  techniques,  although  approximate,  do  appear  to 
offer  improvements  over  shadow-diffraction  methods.  For  example,  one 
result  of  interest  which  emerged  from  their  theoretical  study  was  that, 
in  terms  of  scattering  effects,  struts  with  rectangular  cross-sections 
are  less  desirable  than  struts  with  circular  cross-sections.  This 
result  has  yet  to  be  confirmed  experimentally,  but  it  does  suggest  that 
strut  geometries  may  warrant  more  careful  attention  if  low  sidelobe  per¬ 
formance  is  of  concern. 

(lii)  Primary-feed  spillover  radiation 

The  accurate  prediction  of  the  radiation  field  from  a  reflector  antenna, 
and  particularly  the  sidelobe  and  cross-polar  radiation,  is  very  dependent 
upon  the  accuracy  with  which  the  incident  primary-feed  radiation  fields 
can  be  defined^®.  Accurate  mathematical  models  for  the  vector  radiatioi. 
from  the  primary  feed  antennas  must  be  available,  or  suitable  measured 
data,  if  the  overall  sidelobe  prediction  is  to  be  meaningful.  The  spill¬ 
over  radiation  from  the  primary  feed  antenna  itself  can  make  a  significant 
direct  contribution  to  the  sidelobes  of  the  overall  antenna.  This  effect 
can  be  particularly  strong  when  the  parabolic  reflector  is  not  large. 

Peters  has  provided  an  approximate  formula  for  the  direct  spillover  level 

45 

(Sp)  from  either  front-fed  or  Cassegrain  paraboloid  as  follows  : 

S  «  Gc  -  G  -  T  +  6  dB  (11) 

P  F 

where  Gp  is  the  primary  feed  gain,  G  is  the  antenna  gain,  T  is  the 
reflector  edge  illumination  taper  and  all  parameters  are  expressed  as 
decibels.  Fig. 5. 1-6  shows  spillover  and  aperture  efficiency  as  calcula¬ 
ted  for  various  illumination  functions  by  Afifi12. 


With  Cassegrain  antenna  configurations  the  prediction  problem  can  be  con- 
pounded  by  the  fact  that  the  primary  feed  antenna  may  be  located  in  the 
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near-field  of  the  sub-reflector.  The  geometry  in  this  case  is  also 
more  complex,  as  illustrated  by  Fig. 5. 1-7.  I n  this  case  direct  spill¬ 
over  occurs  between  the  angles  and  g  and  reflected  spillover 

n  R 


between  a.,  and  a  . 

H  p 


For  angles  beyond  the  shadow  boundary  at  6  =  ft  all 

H 


of  the  diffracted  fields  may  contribute  to  sidelobe  radiation.  To  illus¬ 
trate  the  complexity  of  accurate  predictions  it  is  worth  noting  that  for 

1  4 

this  case  the  diffracted  field  components  include  the  following  : 


From  the  rim  of  the  paraboloid: 


direct  illumination  by  the  feed 

reflected  fields  from  the  hyperboloid 

diffracted  fields  from  the  hyperboloid  rim 

diffracted  fields  from  the  opposite  edge  of  the  paraboloid 


From  the  hyperboloid  sub-reflector: 

-  direct  illumination  from  the  feed 

-  fields  from  the  feed  twice  reflected 

-  fields  diffracted  from  the  opposite  edge  of  the  hyperboloid 

In  all  cases  reported  in  the  literature,  a  complete  mathematical  model 

for  the  antenna  scattering  has  not  been  considered  feasible,  and  in 

general, attempts  have  been  made  to  isolate  the  dominant  effects  in 

specific  regions  of  the  antenna  radiation  field.  The  paper  by  Menzer 
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and  Peters  is  an  example  of  this  approach 

It  is  also  worth  noting  that  for  good  sidelobe  performance  with  reflector 
antennas  with  diameters  which  are  not  very  large,  the  near-in  and  far-out 
sidelobe  performance  of  the  primary  feed  itself  must  be  given  attention. 
This  aspect  of  reflector  antenna  design,  either  front-bid  or  Cassegrain, 
appears  to  have  received  relatively  little  attention  in  the  past. 

( iv)  Imperfections  in  the  reflector  surface  profile 

Reflector  profile  errors  can  be  treated  as  an  equivalent  phase-error 

distribution  in  the  reflector  aperture-plane  fields  (or  surface  currents) 

providing  that  the  magnitude  of  the  errors  does  not  exceed  about  one 
47 

wavelength  .  The  general  effects  of  phase-errors  have  been  discussed 
in  Chapter  2  of  this  report.  For  accurate  predictions  with  larger 
profile  deformations.  It  becomes  necessary  to  perturb  the  unit  vector  in 


the  mathematical  expressions  defining  the  parabolic  surface.  However, 
even  relatively  small  profile-errors  can  produce  a  significant  degradation 
in  gain  and  sidelobe  performance  and  thus  for  high-performance  antennas 
the  phase-error  approach  is  generally  adequate. 

It  is  worth  noting  that  it  can  be  shown  that  phase-errors  cannot  generate 

additional  cross-polarised  fields,  although  they  can  cause  existing  cross- 

polarised  radiation  (i.e.,  from  the  primary  feed)  to  be  redistributed  in 
hi 

space  .  This  result  implies  that  the  effects  of  smal 1 -magn i tude  deforma¬ 
tions  in  the  reflector  are  a  reduction  of  the  antenna  gain  and  deterioration 
in  the  co-polar  sidelobe  suppression,  providing  the  cross-polarised  radia¬ 
tion  from  the  antenna  was  small  prior  to  the  deformation.  The  general 
effect  of  profile  errors  is  thus  the  removal  of  energy  from  the  main-beam 
of  the  antenna  and  the  redistribution  of  this  energy  into  the  sidelobe 
region.  If  the  reflector  profile-error  has  a  strong  periodic  content  in 
its  spatial  distribution,  then  the  displaced  energy  may  be  redirected  in¬ 
to  a  lobe  or  series  of  lobes  in  the  antenna  far-field.  For  good  peak 
sidelobe  suppression,  periodically  distributed  errors  are  even  less 
desirable  than  randomly  distributed  errors  of  the  same  magnitude. 

(v)  Misalignments  of  the  primary  feed  or  sub-reflector 


Small  primary-feed  misalignments  can  be  treated  mathemat ical ly  on  the  basis 
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of  a  movement  in  the  phase-centre  of  the  feed  *  .  This  phase-only 

technique  cannot  be  applied  to  large  feed  misalignments,  and  in  these  cases 
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more  exact  vector  co-ordinate  transformation  techniques  must  be  applied 
There  are  no  fundamental  difficulties  in  performing  the  co-ordinate  trans¬ 
formations  numerically  but  considerable  computational  effort  can  be  saved 
if  the  phase-only  technique  is  adopted  for  feed  offsets  of  not  more  than 
a  few  wavelengths. 

The  principal  effects  of  feed  and  sub-ref  lector  misalignments  on  sidelobe 
performance  can  be  understood  in  terms  of  the  defocus ing  and  comat ic 
phase-error  effects  dicussed  in  Chapter  2.  These  effects  will  not  be 
discussed  further  here. 

(vi )  Back  lobe  radiation 

The  inaccuracy  of  the  physical -optics-based  techniques  in  predicting  the 

backlobe  radiation  from  reflector  antennas  has  been  commented  on  above. 

GTO  methods  can  be  usefully  applied  In  this  region  and  the  edge-correction 
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current  technique  may  also  be  helpful.  Knop  has  developed  an 


approximate  formula  which  appears  to  provide  meaningful  results,  with  an 
accuracy  of  about  1  dB  (at  -**0  dB  levels).  This  formula  can  be  expressed 

as  a  front  to  back  ratio  given  by: 


G  +  T  +  K  -  Gp  dB  (12 

where  G  is  the  reflector  gain,  T  is  the  reflector  illumination  taper, 

Gp  is  the  primary-feed  gain  and  ail  parameters  are  expressed  in  decibels. 
For  a  reflector  of  focal  length  F  and  diameter  D  the  constant  K  is  given 
by: 


K-20LO  ,,#  03) 

Knop  provided  a  considerable  quantity  of  experimental  data  to  support  his 
1 3 

formula  . 

To  summarise,  mathematical  models,  generally  in  the  form  of  computer 
programs,  can  be  developed  with  capabilities  of  accommodating  all  of  the 
effects  referred  to  above.  Using  these  techniques,  the  sidelobe  perform¬ 
ance  of  an  axisymmetric  reflector  antenna,  with  moderate  sidelobe  supres- 
sion,  can  be  predicted  with  reasonable  accuracy.  However,  for  very  low 
sidelobe  performance  the  accuracy  required  to  predict  the  radiated  fields 
becomes  more  difficult  to  achieve.  The  modelling  of  the  reflector  itself 
is  not  a  major  constraint  but  the  relatively  crude  strut  and  blockage 
modelling  methods  are  likely  to  be  a  limiting  factor  in  this  respect. 

5.1.2  Factors  influencing  the  sioelobe  performance  of  axisymmetric 
reflector  antennas 

( i )  Blockage  effects  and  backiobe  radiation 

Physical -optics  techniques,  employing  either  the  aperture-field  or  current 
distribution  methods  are  extensively  employed  in  work  reported  in  the 
literature.  The  accuracy  of  the  technique  and  its  limitations  for  wider 
angle  sidelobe-radiation  predictions  have  been  discussed  in  the  previous 
section.  Employing  combinations  of  physical-optics  and  GTD,  improved 
predictions  for  reflector  antenna  radiation  have  been  achieved,  for 
example  by  Ratnasiri  and  his  co-workers''  for  a  20  wavelength  reflector 
with  F/D  *  0.3  at  X  band.  They  successfully  predicted  the  radiation- 
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patterns  measured  by  Afifi  down  to  -50  dB  levels.  Afifi  was  particu¬ 
larly  concerned  with  the  spillover  radiation  from  the  primary-feed  which 
occurs  just  forward  of  the  shadow  boundary.  The  characteristic  shape 
of  this  spillover  is  a  wide  lobe  with  a  sloping  cut-off  toward  the 
shadow  region  (e.g.,  see  the  radiation  characteristics  between  40°  and 
100°  in  Fig. 5- !"*»)•  This  lobe  can  be  reduced  by  reducing  the  edge 

illumination  and, if  a  steeper  illumination  taper  can  be  contrived,  the 
reduction  in  spillover  need  not  involve  a  loss  of  antenna  efficiency. 

14 

Mentzer  and  Peters  have  used  &  combination  of  physical -optics  and  GTD 
methods  to  analyse  the  radiation  from  Cassegrainian  antennas.  However, 
consideration  of  strut  scattering  effects  which  would  influence  the 
radiation-patterns  in  the  angular  range  30°-70°  off  boresight  was  dis¬ 
carded  as  being  too  diff icu! t.  For  the  far-out  sidelobe  region, GTD  was 
employed,  while  in  the  region  close  to  the  rear  axial  caustic  of  the 
main  reflector,  the  equivalent  current  technique  was  applied.  Although 
specimen  computed  patterns  are  shown  for  a  small  reflector  of  diameter 
20  wavelengths,  no  measured  data  is  provided  for  this  case.  Some 
general  observations  can  be  made,  based  upon  these  results.  With  regard 
to  sidelobe  performance,  blockage  effects  are  clearly  dominant  and  the 
small  Cassegrain  configuration  offers  poor  sidelobe  suppression.  Back- 
lobe  performance  is  also  poor  as  a  consequence  of  the  small  diameter  and 
relatively  efficient  illumination  characteristics.  Cassegrain  reflectors 
are  more  typically  employed  for  applications  demanding  radiating  aper¬ 
tures  of  50  wavelengths  or  more,  where  the  blockage  effects  are  reduced. 

For  large  paraboloids  with  diameters  exceeding  100  wavelengths,  spillover 

and  backlobe  radiation  can  be  suppressed  below  -50  dB  by  good  design 

practice.  For  smaller  antennas,  additional  techniques  such  as  edge 

shields,  edge-castel lat ions  or  diffraction  screens  will  be  necessary  to 

17-21 

achieve  these  levels  .  Edge  shields  or  castel lat ions  can  be  use¬ 
fully  employed  to  suppress  wide-angle  and  backlobe  radiation  even  on  the 
larger  reflector  antennas.  Figure  5. I "8  shows  the  effect  on  the  sidelobe 
envelope  of  a  135  wavelength  front-fed  paraboloid  when  edge-shields  are 
added.  The  principal  improvement  occurs  in  the  angular  range  100°-180° 
from  boresight.  There  is  no  significant  effect  on  the  radiation  within 
70°  of  boresight. 
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James^  has  devoted  considerable  attention  to  the  analysis  of  castellated 
edges  for  parabolic  reflectors.  He  found  only  few  edge  geometries 
amenable  to  mathematical  treatment  and,  on  the  whole,  agreement  with 
measured  data  was  not  good.  Castel lations  0.35  wavelengths  deep  on 
the  rim  of  a  reflector  having  a  diameter  of  10  wavelengths,  reduce  the 
backlobe  by  6  dB.  One  point  that  James  makes  is  that  the  peak  cross- 
polarised  radiation  in  the  shadow  region  may  increase  by  up  to  10  dB 
due  to  the  presence  of  the  castel lations. 

The  castel lations,  like  blinders  for  hoghorns  (see  Section  4.3), are 
frequency  sensitive.  A  12  ft  castellated  reflector*^  had  the  backlobe 
reduced  by  7  dB  over  an  11%  band  without  loss  of  forward  gain.  According 
to  Lewin*^,  the  theoretical  improvement  which  can  be  realised  by  means  of 
rim  castel lation  is  50  dB,  but  this  is  a  spot-frequency  value.  When 
mechanical  and  structural  constraints  permit,  edge  shields  or  tunnel- 
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shields  lined  with  absorber  offer  a  better  and  more  broad  band  solution  ' 
44 

Yokoi  and  Fukumoro  give  full  details  of  the  use  of  absorber  at  the  rim 
of  a  reflector.  For  several  designs,  the  sidelobes  in  the  spillover 
region  and  the  back  region  were  reduced  by  10  dB.  There  appeared  to  be 
no  reduction  in  forward  gain. 

Aperture  blocking  effects  are  commonly  treated  in  the  literature  by 
means  of  the  shadow-diffraction  techniques  described  in  the  previous 
section.  For  the  centrally-located  blockage  where  the  blocking  object 
is  much  larger  than  a  wavelength,  the  effect  on  the  total  radiation  pat¬ 
tern  is  essentially  obtained  by  subtracting  the  voltage  radiation  pat¬ 
tern  of  the  obstacle  aperture  from  that  of  the  total  aperture.  This 
assumes  that  the  illumination  of  the  full  aperture  is  uniform  over  the 
central  obstacle  which  is  likely  to  be  accurate  to  a  few  per  cent  if 
the  ratio  of  the  blocking  diameter,  to  the  reflector,  Dq,  is  less 
than  0.2.  For  such  cases  the  pattern  of  the  obstacle  is  Dq/Dj  tinies 
the  width  of  the  final  radiation  pattern  and  is  a  slowly  decreasing 
function  over  the  first  few  sidelobes  of  the  final  pattern.  Since  the 
phases  of  these  sidelobes  alternate,  the  final  pattern  has  the  first, 
third  and  subsequent  odd-numbered  sidelobe  levels  enhanced  while  the 
even  numbered  sidelobes  are  depressed  (see  Fig. 5. l-20a) .  This  sidelobe 
effect  is  accompanied  by  a  loss  of  forward  gain  (see  Fig. 5.1 -20b) . 


To  obtain  more  accurate  information  on  the  effect  of  central  blockage, 
the  diffraction  round  the  edge  of  the  obstacle  must  be  accounted  for. 


V 


*.  \  *. 
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Rusch  and  Sorensen  have  treated  the  case  of  blockage  in  a  Cassegrain 
reflector  and  compared  three  different  methods: 

1.  Aperture  field  shadow-diffraction. 

2.  Surface  current  shadow-diffraction  where  the  shadow  is  fixed, 
i.e.,  the  shadow  is  that  seen  along  the  reflector  axis. 

3.  Surface  current  shadow-diffraction  where  the  shadow  is  moving 
and  is  the  geometrical  shadow  for  any  given  distant  field 
point. 

A  comparison  of  the  radiation  patterns  of  the  blockage  obstacle  shows 
that  all  methods  are  in  good  agreement  in  the  near-in  sidelobe  region. 
The  forward  gain  degradation  is  also  predicted  accurately, but  for  the 
far-out  sidelobe  regions  the  use  of  GTD  is  to  be  preferred. 

Clearly  the  blockage  should  be  kept  to  a  minimum,  D^/Dq  should  be  less 
than  0.1  and  preferably  less  than  0.05  for  a  low  sidelobe  design.  The 
sub-reflector  diffraction  effects  increase  sharply  as  D$  is  decreased 
and  values  of  less  than  3-4  wavelengths  should  not  be  used.  The  lower 
limit  for  a  Cassegrain  main  reflector  diameter  is  loosely  said  to  be 
50-80  wavelengths  which  is  really  derived  from  this  blockage  information 
For  a  prime  focus  system  and  moderate  F/D  (<0.8)  the  diameter  of  a 
typical  primary-feed  is  of  the  order  of  2  wavelengths  and  for  F/D  =  0.3, 
about  one  wavelength.  This  does  imply  that  for  very  small  reflectors 
the  F/D  should  not  be  large  if  sidelobe  suppression  is  of  concern. 

Support  struts  are  also  a  source  of  shadow-diffraction  and  the  treatment 
of  this  problem  has  an  extensive  literature.  Unfortunately,  the  scatter 
ing  which  arises  from  strut  blockage  has  yet  to  be  quantified  adequately 
If  the  strut  diameter  is  several  wavelengths,  the  problem  may  be  treated 
by  shadow-diffraction  techniques  with  reasonable  accuracy  in  the  near-in 
sidelobe  region.  Meanders^  provides  tables  of  near-in  sidelobe  levels 
for  a  reflector  diameter  of  330  wavelengths  with  a  central  sub-reflector 
|Dj/0q  ■  O.lj  supported  by  four  struts  of  various  widths.  The  worst 
results  are  for  the  largest  struts  of  5  wavelengths  width  where  the  gain 
is  reduced  by  0.82  dB  and  the  first  sidelobe  increased  from  -24.3  to 
-18.8  dB.  The  third  sidelobe  is  increased  from  -38.3  to  -25.3  dB. 


For  small  struts,  the  shadow-diffraction  method  becomes  increasingly 
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inaccurate.  Rusch  and  Sorensen  computed  the  radiation  pattern  of  a 
reflector  by  treating  the  strut  currents  as  though  they  were  flowing  on 
an  infinite  cylindrical  structure  (with  the  same  cross-section  as  the 
physical  struts)  immersed  in  an  infinite  plane  wave  with  the  same  polari¬ 
sation  and  direction  of  incidence  as  the  local  geometrical  ray  emerging 
from  the  aperture.  Computations  with  various  strut  widths,  angles  rela¬ 
tive  to  the  boresight  axis,  and  disposition  relative  to  the  incoming 
polarisation  are  presented  but  the  work  is  not  accompanied  by  any  experi¬ 
mental  verification.  Nor  do  the  results  go  beyond  the  first  6  or  7 
sidelobes,  whereas  a  major  interest  here  is  in  the  far-out  range  of 
angles  around  6(£l00°  off  axis. 

The  far-out  sidelobe  effects  of  struts  have  been  investigated  by  con¬ 
sidering  the  field  scattered  from  the  strut  as  similar  to  that  from  a 
2k 

phased  line  source  .which  maximises  on  a  conical  surface  (see  Fig. 5. 1-9). 
The  local  maxima  are  given  by: 


cos 


(14) 


where  a  is  the  strut  angle  to  the  vertical,  $  is  the  plane  in  which  the 
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strut  lies  .  Typical  patterns  then  are  interlocking  circles  which  pass 

through  the  boresight  axis.  For  instance,  the  far-out  pattern  of  the 

£ 

Dwingeloo  25  m  radio  telescope  (F/D  =  0.48)  is  shown  in  Fig.5. 1-10.  This 

antenna  had  a  taper  of  16.6  dB  in  the  E  plane  and  13.7  dB  in  the  H  plane. 

The  basic  features  of  the  radiation  pattern  are  the  spillover  ring  which  is 

-52  dB  at  120°  from  the  boresight  which  is  6  dB  above  the  surrounding 

level,  and  the  obvious  features  of  3  interlocking  rings  at  50-55  dB 

down  which  are  due  to  the  tripod  support  (each  strut  being  one  wavelength 

wide).  This  level  is  about  6  dB  higher  than  the  local  level.  For  Cassegrain 

reflectors  the  actual  levels  of  spurious  far-out  radiation  have  been  more 
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carefully  examined  by  Kreutel  who  calculates  the  sidelobe  envelope. 
Comparisons  with  measured  antennas  show  remarkable  agreement  (Fig.5. 1-1 1) . 
One  point  of  interest  is  that  the  level  relative  to  isotropic  remains 
virtually  unchanged  when  the  reflector  gain  is  increased  by  12  dB.  The 
levels  in  Fig.5. 1-1 1  are  therefore  only  acceptable  for  large  antennas, 
i.e.,  with  diameters  greater  than  about  90  X  if  far-out  levels  of  <-50  dB 
are  required. 


*  The  frequency  is  1.415  GHz 
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An  investigation  of  blockage  in  radomes  which  considers  the  radome 

support  structure  as  a  set  of  scattering  cylinders  of  various  cross- 

sections  may  be  relevant  to  the  problem  of  strut  blockage.  The  authors 

conclude  that  rounding  off  corners  or  using  a  triangular  cross-section 

improves  performance,  but  it  is  not  clear  whether  this  is  really  due  to 

the  shape  or  to  the  reduced  area  of  cross-section.  Further  experimental 

investigation  of  the  effect  due  to  solid  metal  support  struts  in  a 
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Cassegrainian  antenna  shows  that,  with  a  dimension  less  than  one  wave¬ 
length,  using  the  geometrically  shadowed  area  is  inadequate.  In  general 
this  treatment  will  be  sufficient  to  indicate  performance  at  angles  close 
to  boresight,  but  the  major  effect  is  to  produce  rings  or  radial  ridges 
of  enhanced  sidelobes.  For  examples  see  Table  5.1*5  and  Fig.5. 1-10. 
Changing  the  depth  of  the  support  strut  had  little  effect. 

In  summary,  the  literature  on  blocking  effectsshows  some  general  tenden¬ 
cies.  It  is  impossible  to  quantify  the  effect  of  strut  blockage  without 
knowledge  of  the  precise  geometry  to  be  used  and  access  to  an  appropriate 
computer  program.  Most  published  work  has  been  carried  out  with  design 
near-in  sidelobes  of  around  -25  dB  which  is  not  low  enough  for  our  purpo¬ 
ses.  Comparison  with  the  effects  of  central  blockage  indicates  that  the 
problem  will  be  much  more  serious  at  low  sidelobe  levels.  Strut  blockage 
effects  certainly  demand  further  attention  if  low  sidelobe  performance  is 
to  be  sought  from  front-fed  antennas.  Each  strut  will  produce  a  circular 
ridge  of  sidelobes  in  the  far-out  region  as  well  as  degrading  near-in 
sidelobes  and  the  forward  gain  but  the  larger  the  reflector  diameter,  Dq, 
the  smaller  the  far-out  sidelobes.  Cross-polar i sat  ion  will  also  be 
produced  in  certain  circumstances,  particularly  when  circular  polarisation 
is  employed. 

Central  blockage  either  by  a  feed  or  a  sub-reflector  generally  tends  to 
affect  only  the  forward  gain  and  near-in  sidelobes.  For  blockage  diameters 
of  more  than  a  few  wavelengths,  the  aperture  field  shadow-diffraction 
method  is  usually  adequate. 

For  prime-focus  reflectors,  the  feed  diameter  will  not  be  large  and  for 
moderate  size  reflectors  (i.e.,  diameters  greater  than  25  wavelengths), 
the  central  blockage  will  be  small  although  not  negligible  for  low  side¬ 
lobe  purposes.  Small  F/D  ratios  are  to  be  preferred  because  the  reflector 
curvature  improves  sidelobe  suppression  at  wide  angles  and  a  smaller 


primary-feed  is  implied.  However,  the  sidelobes  in  alt  regions  will  be 
dominated  by  the  struts,  and  peak  sidelobe  values  of  the  order  of  -25  to 
-30  dB  are  unlikely  to  be  bettered  for  a  reflector  of  25  wavelengths 
diameter. 

In  Cassegrain  antennas,  because  the  sub-reflector  must  be  large  with 
respect  of  wavelength,  the  main  reflector  diameter  must  also  be  large; 
usually  a  minimum  of  50  wavelengths  is  desirable.  Near-in  sidelobes  and 
forward  gain  will  be  degraded  by  the  presence  of  the  sub-reflector  and 
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far-out  sidelobes  raised  to  at  least  -50  dB  at  angles  around  70  off 
axis.  With  the  main  reflector  diameter  larger  than  50  wavelengths  this 
level  decreases.  On  the  whole,  the  radiation  patterns  of  Cassegrain 
antennas  are  more  affected  by  the  sub-reflector  than  by  the  struts  though 
these  may  produce  significant  cross-polarisation  degradation. 


In  order  to  check  blockage  effects  experimentally,  measurement  of  one 
plane  of  the  radiation  pattern  is  not  sufficient.  At  least  four  (0°  and 
45°  in  both  planes  of  polarisation)  are  required  for  a  quadripod  and 
possibly  more  for  a  tripod. 


Imperfections  in  the  reflector  profile 


The  modelling  of  reflector  profile  errors  as  effective  phase-errors  was 
discussed  in  Section  5.1.2  and  the  effect  of  such  phase-errors  in  a  cir 
cular  aperture  was  treated  in  Chapter  2.  Further  details  are  provided 
in  Section  5.1.^  (Fig. 5. 1-21) . 


(iil)  Systematic  phase  and  amplitude  errors  in  the  reflector  aperture 
field  distribution 

Modern  multi -mode  and  corrugated  horn  feeds  have  well-defined  phase  centres. 

For  obvious  reasons  the  phase  centres  of  E  and  H  plane  radiation  should 
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be  coincident  if  astigmatic  effects  are  to  be  avoided.  Rusch  has 
considered  the  phase  ripple  across  the  aperture  of  a  Cassegrain  antenna 
caused  by  diffraction  at  the  sub-reflector  and  concludes  that  this  has  a 
negligible  effect  on  forward  gain.  However,  Wood^  has  shown  that  it  had 
an  adverse  effect  on  near-in  sidelobes. 

Lateral  displacement  of  the  primary-feed  *  *  gives  rise  to  a  beam  shift, 
a  gain  loss  and  a  degradation  of  sidelobes  because  the  aperture  illumin¬ 
ation  becomes  asymmetric  in  amplitude  and  phase.  The  near- in  sidelobe 


degradation  is  much  more  marked  than  the  gain  loss  (Fig.5. 1 -22)  and  the 
degradation  is  more  marked  for  a  low  sidelobe  design.  To  decrease  the 
sensitivity  of  the  system  to  lateral  shift,  a  long  F/D  is  to  be  preferred 
and  the  use  of  a  Cassegrain  configuration  is  particularly  helpful  here  as 
very  large  effective  F/D  values  can  be  achieved. 

An  axial  primary  feed  displacement  '  3  produces  a  symmetrical  phase 
error  across  the  aperture.  This  results  in  null  infilling  and  enhanced 
sidelobes  but  the  pattern  is  still  symmetric.  Again  a  large  F/D  reflector 
is  less  sensitive  to  small  axial  displacements  of  the  primary  feed. 


Cross-polarisation 


It  is  generally  accepted  that  the  contribution  made  by  the  parabolic 
reflector  itself  to  the  overall  cross-polarised  radiation  is  of  little 
practical  significance  in  the  majority  of  applications,  providing  only 
that  the  diameter  of  the  reflector  is  large  relative  to  the  operating 
wavelength.  For  small  diameter  reflectors  the  cross-polar  contribution 
of  the  reflector  can  be  computed  using  the  physical-optics  surface  cur¬ 
rent  technique.  The  largest  cross-polarised  contribution  which  can  be 
attributed  to  the  reflector  curvature,  occurs  at  small  F/D  ratios.  For 
example,  a  large  parabolic  reflector  with  F/D  -  0.25  and  a  12  dB  illumina¬ 
tion  taper  will  generate  a  peak  cross-polarised  lobe  at  a  level  of  approxi¬ 
mately  45  dB  below  the  peak  of  the  main  co-polar  beam  and  this  level  will 
rapidly  reduce  as  the  F/D  ratio  is  increased^®. 


The  principal  sources  of  cross-polarised  radiation  from  front-fed  axi- 
symmetric  reflector  antennas  have  been  identified  as  firstly  the  primary 
feed  radiation  and  secondly  the  struts  supporting  the  primary  feed  hard¬ 
ware.  The  F/D  ratio  of  the  reflector  plays  a  significant  role  only  in 
terms  of  the  specification  it  imposes  upon  the  polarisation  purity  of 
the  primary  feed  radiation.  The  use  of  a  smaller  F/D  ratio  implies  that 
the  primary  feed  must  retain  its  low  cross-polarisation  characteristics 
over  a  wider  range  of  spatial  angles.  For  this  reason  there  has  been  a 
tendency  to  favour  large  F/D  ratio  configurations  when  good  cross¬ 
polarisation  performance  is  of  prime  importance.  However,  primary  feeds 
can  be,  and  have  been,  designed  with  good  polarisation  properties  over 
wide  angles,  and  thus  small  F/D  reflectors  can  be  employed  in  low  cross- 
polarisation  applications. 


For  linearly  polarised  axisymmetric  parabolic  reflectors  the  peak  cross 
polar  radiation  normally  occurs  in  the  diagonal  planes  (relative  to  the 
plane  of  polarisation).  The  peak  value  normally  occurs  at  an  angle 
corresponding  to  the  -12  to  -20  dB  level  of  the  main  co-polar  beam.  Fo 
circularly  polarised  antennas  the  location  of  the  peak  is  difficult  to 
predict,  since  it  is  strongly  affected  by  the  struts. 

Although  no  detailed  experimental  work  has  yet  been  reported  in  the 

literature,  it  seems  probable  from  initial  theoretical  studies  that  the 

effect  of  small  profile  errors  In  the  reflector  surface  will  not  result 
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in  a  serious  deterioration  of  the  antenna  cross-polarised  performance 

Rudge  and  Shirazi^1  have  reported  that  the  peak  cross-polarised  lobes 

of  both  axisymmetric  and  asymmetric  reflectors  are  not  sensitive  to 

small  phase-error  effects  introduced  by  offsetting  the  primary  feed 

from  the  reflector  focus.  Other  forms  of  phase-error  distribution  have 

been  briefly  examined  and  it  appears  that,  in  the  presence  of  phase- 

errors,  the  degradation  of  the  antenna  co-polarised  sidelobe  levels  is 
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likely  to  exceed  any  significant  cross-polar  sidelobe  effects  . 

In  Ref. 31 t  the  following  approximate  guide  to  the  sources  of  cross- 
polarised  radiation  has  been  proposed  for  reflectors  with  diameters 
greater  than  20  wavelengths,  fed  by  prime-focus  primary  feeds  producing 
edge  illumination  tapers  of  -lOdBor  greater  (Table  5.1-1A). 


Table  5.1-1A 


Cross-polarised  lobe 

level s 

Probable  source 

-10  to  -35  dB 

Primary  feed  radiation 

-30  to  -45  dB 

Primary  feed  and/or  aperture 
blockage 

Below  -45  dB 

Primary  feed  and/or  aperture 
blockage  and/or  higher  order 
reflector  effects 

Rusch  and  Sorensen  have  developed  a  theoretical  model  for  strut  blockage 
and  have  predicted  results  which  suggest  that  the  feed-supporting  struts 
may  generate  a  somewhat  higher  level  of  cross-polarisation  than  that  indi¬ 
cated  in  Table  5. 1  —  1  A.  In  the  worst  case  shown  in  Ref. 30  a  peak  cross-polar 
level  of-28dB  is  predicted  for  a  27.5  *  diameter  paraboloid, wi th  F/D-0.5 


fed  by  a  circularly-polarised  primary  feed.  The  reflector  is  blocked 
by  a  small  disc  of  diameter  0.076  D.with  a  quad ri pod  arrangement  of 
four  rectangular  struts.  The  result  is  somewhat  surprising  in  that  for 
the  same  configuration  with  four  equivalent  cylindrical  struts 
(diameter  0.274  X)  a  peak  cross-polar  levet  of  approximately  -34  dB  is 
predicted.  No  experimental  data  is  available  to  confirm  these  predic¬ 
tions  but  this  rather  unexpected  strong  dependence  upon  the  strut  cross- 
section  could  have  important  implications  and  certainly  warrants  further 
investigation.  However,  a  feed  support  strut  will  only  generate  cross¬ 
polarisation  on  boresight  if  it  is  not  aligned  parallel  or  perpendicular 
to  the  incident  electric  field.  If  the  struts  are  so  aligned, or  if  they 
are  aligned  symmetrically  (i.e.,  an  equiangular  tripod),  there  will  also 
be  no  final  boresight  cross-polarisation. 

From  Ref. 31,  measured  cross-pol ar/co-polar  isolations  are  defined  in 
terms  of  the  ratio  of  cross-polar  to  co-polar  field  at  a  specified  level 
of  the  co-polar  beam.  Table5.J.lB  shows  some  values  obtained  with  a 
38  X  diameter  paraboloid  with  F/D  *  0.4,  fed  by  a  rectangular  waveguide 
horn  producing  a  19  dB  illumination  taper.  The  peak  cross-polar  levels 
were  measured  as  -23  dB  (in  the  diagonal  planes)  and  were  largely  attri¬ 
buted  to  the  primary  feed  radiation.  This  conclusion  was  supported  by 
theoretical  predictions  and  measurements  performed  on  the  radiation  field 
of  the  feed-horn.  An  improvement  in  the  figures  quoted  of  between  8  and 
10  dB  could  be  anticipated  employing  a  low  cross-polarisation  type  feed. 

Table  5.1. IB 


Cross-pol ar/co-polar  isolation  data  (measured) 


Co-polar  beam  level  (dB) 

Isolation  ratio  (dB) 

-3 

23.5 

-6 

20.0 

-10 

13.0 

In  Ref. 32  a  reflector  antenna  is  described  with  a  relatively  large  degree 
of  aperture  blockage  (i.e.,  central  disc  of  diameter  I  X  on  a  15  X  dia¬ 
meter  reflector).  The  peak  contribution  to  the  cross-polarised  field 
due  to  this  blockage,  including  supporting  struts,  was  deduced  as  approxi 
mately  -40  dB.  Since  in  genera)  we  are  concerned  here  with  reflectors 
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having  smaller  blocking  ratios,  it  might  be  concluded  that  the  overall 
blockage  effects  will  be  somewhat  less  than  -40  dB. 

The  cross-polar  response  of  the  axisymmetr ic  Cassegrainian  antenna  is  a 
function  of  both  the  primary-feed  type  and  the  geometrical  parameters  of 
the  sub-reflector.  With  electrically  small  hyperbolic  sub-reflectors, 
the  diffraction  effects  can  produce  significant  cross-polarised  radiation 
which  is  not  evident  in  a  front-fed  configuration.  Figure  5.1-12  illus¬ 
trates  the  cross-polarised  scattered-field  radiated  from  a  19  X  diameter 
hyperbolic  sub-reflector  illuminated  by  an  ideal  (i.e.,  cross-polarisation 
free)  primary-feed  producing  a  9  dB  illumination  taper  on  the  sub-reflector. 
The  peak  cross-polarised  component  occurs  at  a  level  of  -35  dB  with  respect 
to  the  boresight  value  of  the  co-polarised  field.  An  interesting  feature 
of  the  scattered  field  from  the  sub-reflector  is  the  close  proximity  of 
the  first  cross-polarised  lobe  to  the  axis  of  rotation.  Any  small  mis¬ 
alignment  in  the  axis  of  the  sub-ref lector ,  relative  to  that  of  the  main 
reflector  will  therefore  result  in  a  cross-polarised  component  along  the 
boresight  axis  of  the  overall  antenna.  To  avoid  this  effect,  stringent 
specifications  must  be  imposed  upon  the  alignment  tolerances  of  the  two 
reflectors. 

The  -35  dB  cross-polarisation  level  shown  for  the  hyperbolic  sub-reflector 

could  be  improved  by  either  increasing  the  sub-reflector  diameter  or  by 
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employing  an  'ideal'  feed  for  the  hperboloid.  Koffman  has  shown  that  a 
cross-polarisation-free  field  can  be  obtained  from  the  hyperboloid  by 
introducing  a  small  eccentricity  in  the  radiation  characteristics  of  the 
primary-feed.  This  general  result  could  also  be  achieved  by  performing 
a  diffraction  optimisation  of  both  the  main  and  sub-reflector  surfaces. 

(v)  Mesh  losses 

It  is  the  custom  at  lower  frequencies  to  use  a  metal  mesh  surface  instead 
of  a  continuous  reflector.  The  mesh  spacing  will  affect  the  transmission 
loss  which  will  affect  the  forward  gain  and  the  backlobe  since  some  feed 
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radiation  will  be  transmitted.  Figure  5.1"24  shows  this  effect  '  The 
effect  on  the  backlobe  can  be  calculated  approximately  as: 

Back  to  front  ratio  -  -|gq  +  TM  -  6p|  dB  (15) 

where  G  is  the  main  reflector  gain,  Tu,  the  mesh  transmission  and  Gc  the 

O  Hr 
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feed  gain*  This  will  be  negligible  compared  with  the  diffracted  back- 
lobe  i f  Tm  is  much  less  than  T,  the  aperture  taper.  However,  if  edge 
shields  are  used  in  order  to  avoid  the  diffracted  backlobe,  then  back- 
lobe  levels  will  be  around  -70  dB  and  must  be  kept  low.  In  practice, 
this  is  not  likely  to  be  less  than  30  dB  because  of  the  forward  loss 
which  would  be  implied. 

5.1.3  Some  specific  examples  of  paraboloid  reflector  performance 

Individual  sources  of  performance  degradation  were  discussed  in  the  last 
section.  In  this  section,  specific  published  examples  are  discussed. 
Table  5.1.2  gives  data  for  a  variety  of  reflectors. 
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Pratt  and  Claydon  calculate  the  sidelobes  expected  from  a  90  ft 
Cassegrain  earth  station  at  4  and  6  GHz.  The  sub-reflector  profile  was 
shaped  to  give  nearly  uniform  illumination  over  the  main  reflector  when 
the  sub-reflector  has  an  edge  taper  of  -13*5  dB  (Ref. 38).  The  main 
reflector  shape  was  slightly  altered  from  a  paraboloid  to  remove  phase 
errors.  This  is  therefore  a  shaped  dual -ref lector  system.  The  follow¬ 
ing  sources  of  degradation  were  allowed  for: 

-  diffraction  pattern  of  the  main  reflector. 

-  blockage  by  the  sub-reflector.  Aperture  field  subtraction  was 
used. 

-  blockage  by  struts,  same  method  as  for  sub-reflector. 
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-  effect  of  profile  errors  of  0.04  in  rms;Vu's  theory  was  used. 

As  each  correction  was  added,  agreement  with  the  measured  radiation  pat¬ 
terns  improved.  Figure  5. I ”13  shows  the  final  near- in  patterns  both 
measured  and  computed,  including  all  the  above  corrections.  Figure  5. 1-14 
shows  the  measured  radiation  pattern  over  a  wider  angular  range.  Between 
6°  and  8°  off  boresight,  the  sidelobes  dropped  to  below  -40  dB.  One  of 
the  reasons  for  making  no  predictions  over  a  very  wide  angular  range  is 
the  extreme  difficulty  of  measuring  low  levels  of  power  in  a  large 
reflector  system.  n  parties  ar,  spurious  site  reflections  are  diffi¬ 
cult  to  detect  and  rew  /e. 

Similar  patterns  are  shown  by  Ravenscroft  and  Knox^  for  Goonhilly  I, 
though  these  are  not  accompanied  by  any  predictions.  The  side lobe  level 


is  below  -60  dB  for  angles  beyond  20°  and  below  -50  dB  beyond  5°.  The 
antenna  was  intended  for  use  at  an  elevation  angle  of  only  5°,  so  that 
there  was  great  interest  in  reducing  the  sidelobes  which  would  otherwise 
cause  an  increase  in  the  system  noise  temperature.  The  reflector  was 
front  fed,  and  the  specific  surface  tolerances  implied  considerable 
mechanical  problems.  In  order  to  maintain  the  required  performance,  a 
surface  accuracy  of  ±0.025  in  (0.063  cm)  over  99%  of  the  reflector  sur¬ 
face  was  implied.  This  was  considered  uneconomic  for  an  antenna  of  25  m 
diameter  so  the  reflector  was  assembled  from  accurately  profiled  panels 
4  ft  square.  The  smooth  profile  gives  low  levels  of  wide  angle  radiation; 
scattering  due  to  panel  misalignment  occurs  near  boresight. 

The  twist  Cassegrain  reflector^  eliminates  sub-reflector  blockage  effects 
by  the  use  of  linear  polarisation  which  is  twisted  in  the  main  reflector 
by  90°.  The  small  blockage  due  to  the  presence  of  the  feed  horn  remains 
however.  The  sub-reflector  is  a  perfect  reflector  for  parallel  polarisa¬ 
tion  and  gives  good  transmission  for  orthogonal  polarisation.  It  is  to 
a  large  degree  'invisible*  but  in  practice  some  scattering  is  likely  to 
occur  due  to  the  imperfections  in  the  twist  reflector  components.  The 
principal  advantage  can  be  seen  in  Table  5.1.2  where  a  Cassegrain  twist 
reflector  of  diameter  22.9  wavelengths  has  good  far-out  sidelobe  and 
cross-polar i sat  ion  character i st i cs . 

It  is  difficult  to  draw  any  conclusions  from  the  literature  on  the 
achieved  rms  surface  errors  (Table  5.1.2)  except  that,  if  the  diameter  is 
small  (less  than  5  m)  achieving  surface  errors  of  is  feasible.  This 

limit  on  the  diameter  is  quite  arbitrary  as  the  limit  is  probably  a  func¬ 
tion  of  cost  rather  than  present-day  limits  of  manufacturing  techniques. 


Tab! e  5.1.2 

Characteristics  achieved  by  operational  axisymmetric  reflectors 
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5.1.**  Graphical  data  and  comments  on  some  factors  affecting  axisymmetric 
reflector  stdelobe  performance 

Aperture  illumination 

Figure  5 ♦ 1 ” 1 5  shows  the  first  sidelobe  levels  predicted  for  a  parabola- 
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on-a-pedestal  distribution,  calculated  by  Hansen  In  the  absence  of 
blocking  effects.  The  optimum  values  of  n  and  the  pedestal  have  been 
chosen  for  each  value  of  the  sidelobe  level.  Since  blocking  effects 
will  dominate  the  first  sidelobe  levels  for  axisymmetric  antennas,  this 
curve  cannot  be  used  for  accurate  design  predictions  for  low  sidelobe 
applications.  In  addition,  the  accuracy  of  the  assumed  distribution  in 
representing  the  actual  aperture  fields  of  a  parabolic  reflector  antenna 
is  not  sufficient  to  provide  any  more  than  an  indication  of  the  general 
trends  involved. 

In  Fig-5. 1 -16  the  space-attenuation  introduced  by  the  variation  in  path- 
lengths  from  the  focus  to  points  on  the  parabolic  reflector  is  given  in 
decibels.  In  Fig.5. 1-17  the  generalised  radiation  characteristics  of 

two  primary  feed  types  are  shown.  The  normalised  parameter  'u1  is  given 
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by  ird  sin  8  /A  where  d  is  the  diameter  of  the  primary  feed  and 
0  is  the  semi-angle  subtended  by  the  rim  of  the  reflector.  A  value  of 

20  Log^gl — +  ■5°  5  9  Imust  be  added  to  the  taper  value  obtained  from  the 

graph  to  determine  the  relative  level  of  the  feed  radiation  in  the  direction 
of  the  reflector  rim. 

For  total  illumination  tapers  of  less  than  10  dB,  the  values  obtained  from 
Figs. 5. 1-16  and  5.1-17  can  be  employed  in  conjunction  with  Fig. 5.1-15  to 
determine  approximately  the  first  diffraction  sidelobes  levels  in  the 
absence  of  blocking.  It  must  be  noted,  however,  that  this  process  becomes 
increasingly  unreliable  as  the  illumination  taper  is  increased.  The  near¬ 
in  diffraction  sidelobes  are  dependent  upon  the  shape  of  the  illumination 
function  and  not  merely  the  edge  value.  This  factor  becomes  increasingly 
important  as  the  illumination  taper  is  increased.  The  approximate  dimen¬ 
sions  of  the  primary  feed  aperture  necessary  to  feed  reflectors  of  various 
F/D  ratios  is  illustrated  in  Fig.5. 1-18.  (The  hybrid  mode  feed  of  Fig. 5-1-17 
has  been  assumed). 

Back lobe  radiation 

Some  estimation  of  the  backlobe  radiation  which  can  be  anticipated  from  a 
paraboloidal  reflector  antenna,  without  rim  shields  or  castel lations,  can 
be  obtained  by  use  of  Table  5.1 .3*  Fig.5. 1-19  and  the  approximate  formula 
for  backlobe  radiation: 


Front  to  back  ratio  "G+T+K-GpdB  (l 

where  G  is  the  reflector  gain,  T  is  the  edge  taper,  K  is  a  factor  depen¬ 
dent  on  F/D  and  Gp  is  the  feed  gain. 

It  can  be  seen  from  Fig.5.1"l9b  that  the  antenna  efficiency  is  a  rela¬ 
tively  unimportant  parameter  in  this  calculation  for  most  practical  cases 
and  thus  relatively  crude  estimations  of  the  antenna  overall  efficiency 
will  still  allow  an  approximate  value  to  be  obtained  for  the  backlobe 
radiation  level. 

Table  5.1.3 

Feed  gain  as  a  function  of  F/D 


First  sidelobe  level  (dB) 
Reflector  edge  taper  (dB) 
F/D  -  1  Gp(dB) 


G,  the  gain  of  the  reflector,  is  given  in  Fig.5. 1 - 1 9b  for  two  values  of 
aperture  efficiency. 

From  this  may  be  calculated  the  minimum  reflector  diameter  in  wavelengths 
(efficiency  =  60$)  which  will  give  a  specified  backlobe  performance  at  any 
given  F/D  (see  Table  5.I.1*  for  values  corresponding  to  a  backlobe  of  -50  dB) 

Table  5.M 

Diameters  of  axisymmetric  reflector  antennas  providing 
a  backlobe  of  -50  dB 


Parameter 


Reflector  illumination  taper  (dB) 


Case  1 


Case  2 


Minimum 


for  F/D  -  0.5 
-  0.75 


First  diffraction  sidelobe  level 
in  the  absence  of  blocking  (dB) 


Ill  - 


Spillover  lobe 

This  may  be  calculated  from: 

G  +  T  -  Gp  -  6  dB  (17) 

Data  for  the  backlobe  calculations  can  be  used. 

Choice  of  primary-feed  horn 

The  choice  of  primary-feed  horn  for  any  specific  application  is  likely  to 
be  dominated  by  the  overall  requirements  of  the  antenna  system.  In  this 
sense  there  is  no  clear-cut  'optimum'  feed  configuration  for  all  applica¬ 
tions.  For  good  overall  sidelobe  suppression,  however,  it  is  desirable 
that  the  wide-angle  radiation  of  the  primary  feed  itself  be  wel I -suppressed. 
This  requirement  becomes  more  important  in  applications  where  the  diameter 
of  the  main  reflector  is  not  large  (in  terms  of  wavelengths),  but  can  still 
be  relevant  for  very  large  antennas  when  very  low  sidelobe  radiation  levels 
are  specified.  In  this  respect,  the  waveguide-horn  feed  has  definite 
advantages,  particularly  those  types  which  provide  good  ax i symmetrical 
radiation  characteristics  with  low  far-out  radiation  levels.  The  cyl indr i cal 
corrugated  horn,  the  dual-mode  horn  and  the  choked  conical  horn  are 
examples  of  such  primary  feed  antennas.  These  antennas  can  also  be  designed 
to  provide  a  variety  of  illumination  tapers  with  a  wide  range  of  reflector 
F/D  ratios. 

In  designing  a  low  sidelobe  antenna  based  upon  an  axisymmetric  paraboloid 
configuration,  there  is  little  point  in  attempting  to  achieve  very  severe 
illumination  tapers,  since  the  blockage  effects  will  govern  the  near- in 
sidelobe  level.  For  an  optimum  design,  the  trade  off  between  the  antenna 
gain  and  the  sidelobe  performance  is  best  performed  by  use  of  a  suitable 
computer  program  which  includes  blocking  effects.  In  most  cases  it  will 
be  found  that  illumination  tapers  of  more  than  18  dB  provide  worse 
efficiency  with  no  near-in  sidelobe  improvement.  In  many  cases  the  opti¬ 
mum  value  of  illumination  taper  may  be  much  closer  to  10  dB. 

The  case  for  more  severe  illumination  tapers  could  be  made  when  good  back- 
lobe  performance  is  mandatory.  The  antenna  backlobe  performance  is  a 
function  of  the  edge  excitation  and  the  diameter  of  the  paraboloid.  For 
example,  Table  5.1. 4  shows  the  minimum  reflector  diameter  in  wavelengths 


which  will  provide  a  backlobe  of  '■50  dB  with  the  two  edge  i  1  luminations  shown. 
A  constant  antenna  efficiency  of  60%  has  been  assumed  in  this  tabulation 
which  will  not  be  correct  in  view  of  the  variation  in  illumination  tapers 
and  F/D  ratios  indicated.  In  fact,  the  Case  I  Antennas  will  provide 
higher  efficiencies  than  their  Case  2  counterparts.  However,  in  terms 
of  the  backlobe  radiation  level  the  variation  in  antenna  efficiency, 
which  is  unlikely  to  exceed  ±1  dB,  can  be  neglected  in  the  comparison. 

After  blocking  effects  are  accounted  for,  the  two  cases  shown  in 
Table  5.1.4  are  likely  to  provide  similar  values  of  near-in  sidelobe 
levels.  The  far-out  sidelobe  levels  will  be  dependent  upon  the  reflector 
F/D  ratio,  the  primary-feed  sidelobe  envelope  and  the  nature  of  the  block¬ 
ing.  The  backlobe  radiation  will  be  better  for  the  lower  efficiency 
(18  dB  taper)  Case  2  examples,  but  this  order  of  performance  could  be 
obtained  from  the  more  efficient  Case  I  antennas  by  use  of  a  rim  shield 
or  by  rim  castel lations. 

Central  blockage 

To  provide  some  guidance  to  the  effects  of  central  blockage  upon  the  near¬ 
in  sidelobe  performance  of  an  ax i symmetric  reflector,  Fig. 5- 1-1 8  shows  the 
approximate  blockage  diameter  of  primary-feed  horns  required  to  feed 
reflectors  with  various  F/D  ratios.  In  Fig.5.l-20a  the  level  of  the  first 
sidelobes  are  indicated  as  a  function  of  the  blockage  ratio  Dj./Dq,  where 
Dg  is  the  diameter  of  the  blockage  region  and  Dq  the  main  reflector  dia¬ 
meter.  Four  parabola-on-a-pedestal  illumination  distributions  are  shown, 
ranging  from  zero  taper  (i.e.  uniform  illumination)  to  an  18  dB  taper, 
which  would  generate  diffraction  sidelobes  at  the  -40  dB  level  in  the 
absence  of  blocking.  Note  that  strut  blockage  will  modify  these  results 
and  is  not  accounted  for  here.  Figure  5 - 1 -20b  shows  the  approximate  loss 
in  forward  gain  arising  from  three  parabola-on-a-pedestal  distributions. 

In  Fig.5.1-20c  the  loss  of  gain  resulting  from  the  blockage  is  expressed 
in  terms  of  its  effect  on  the  aperture  efficiency,  n^> 

The  effects  of  strut  blockage  can  only  be  estimated  when  the  strut  dis¬ 
position  is  known.  The  difficulty  of  predicting  strut  blocking  and 
scattering  effects  has  been  commented  on  previously  in  this  report.  Gain 
reduction  and,  to  some  extent,  near- in  sidelobe  effects  can  be  calculated 
with  reasonable  accuracy  by  use  of  shadow  diffraction  techniques,  but 
wide-angle  strut  scattering  is  more  difficult  to  deal  with.  The  data  shown 
in  Table  5.1.5  may  be  helpful  in  providing  some  indication  of  the  general 
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Table  5.1 .5 

Details  of  far-out  scattered  radiation  due  to  struts  (taken 

from  Ref. 26) 


Primary  reflector  diameter  8k  wavelengths  at  9.2  GHz 

P/D  -  0.25  half  power  beamwidth  is  approximately  0.9° 
w  -  strut  width  in  aperture  plane 
d  -  depth  of  strut 


(i) 


E 


Sub-reflector  only  -  supported  by  piano  wires  which  are 
assumed  to  have  no  effect  on  the  radiation  pattern.  The 
radiation  pattern  is  below  -kO  dB  outside  of  a  radius 
of  10°. 

Spars  in  the  aperture  (i.e.  in  the  aperture  plane).  One 
diametric  spar  placed  perpendicular  to  the  incident 
polarisation. 

w  «  0.77  X  d  ■  2  X 

Result;  A  long  ridge  in  elevation  worse  than  -kO  dB 
out  to  ±k0°. 

One  diametric  spar  parallel  to  incident  polarisation, 
d  *  2  X 

Result;  Long  ridge  -kO  dB  out  to  ±5k°  in  azimuth  for 
w  =  0.286,  0.5,  1  X 
Two  crossed  spars 
w  -  0.38  X  d  -  1.53  X 

Resu 1 t ;  Crossed  ridges  plus  3  concentric  circles  at 
radii  20?  30°,  k0°.  All  worse  than  -kO  dB. 

Spars  inside  aperture  i.e.  apex  beyond  aperture  plane; 
feet  internal  to  edge,  k  spars,  i.e.,  Quadripod 

w  -  0.38  X  d  *  1.53  X 

(measured  at  right  angles  to  spar). 

Result;  Widespread  degradation:  Pattern  is  worse  than 
-kO  dB  within  a  circle  of  radius  25°. 


(iv)  Spars  outside  the  aperture,  i.e.,  feet  on  edge  of 
reflector  apex  beyond  aperture  plane 

w  -  0.38  X  d  -  1.153 


(v) 

(vi) 


Result;  Crossed  ridges  of  radiation  worse  than 
-kO  dB.  These  ridges  all  bifurcated. 

Diagonal  spars  produce  diagonal  ridges. 

Tripods  produce  circles  crossing  on  boresight. 


RMS  phase  errors 

The  graphs  of  gain  loss  (Fig. 5. 1 -2 1  a)  and  sidelobe  degradation  (Fig. 5. 1 -2 1 b) 
are  for  rms  phase  error  in  the  aperture  field.  The  curves  are  obtained 
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with  the  assumption  of  random  phase  errors  with  a  small  correlation 
interval.  The  translation  of  this  into  surface  tolerances  can  be  per¬ 
formed  by  dividing  by  2  if  the  F/D  ratio  is  large.  If  F/D  is  less  than 
0.8,  then  a  correction  factor  P  must  be  applied.  In  F ig . 5 . 1 -21c  the  cor¬ 
rection  factor  P  is  given  as  a  function  of  F/D  for  an  illumination  of  the 
cosine  form.  The  true  mean  square  phase  error  is  given  by  P  x  4ir  6/A 
where  6  is  the  rms  surface  error. 


Feed  lateral  displacements 

To  determine  the  sensitivity  of  the  antenna  sidelobe  performance  to  small 
misalignments  of  the  primary  feed,  data  has  been  provided  to  illustrate 
the  effect  of  small  lateral  feed-shifts.  This  data  is  derived  from  scalar 
theory  and  is  approximate.  However  it  does  serve  to  provide  some  indica¬ 
tion  of  the  general  trends. 


In  order  to  provide  some  general  curves,  the  sidelobe  degradation  and 
forward  gain  loss  are  plotted  as  a  function  of: 


X  -  n 


(18) 


where  n  is  the  number  of  half  power  beamwidths  scanned  off  axis.  This  can 
be  re-arranged  to  give: 


X 


'  Q 


(19) 


where 


B  is  the  beam  deviation  factor  and  A  is  the  beamwidth  factor,  i.e.,  the 
ratio  of  the  half  power  beamwidth  for  the  chosen  aperture  distribution 
to  that  with  uniform  illumination.  y  is  the  lateral  shift  in  wavelengths. 


Figure  5.1*22a  shows  Q  as  a  function  of  F/D.  Figure  5 . 1 -22b  shows  B  as  a 
function  of  F/D.  Table  5.1.6  tabulates  A  and  F i g . 5 . 1 -22c  and  F i g . 5 . 1 - 22d 
give  the  sidelobe  degradation  and  loss  in  forward  gain. 


r  J 


For  an  antenna  radiation  pattern  having  the  form  of  a  modified 
J./u)/u  function  (which  is  close  to  that  resulting  from  a 
'  ••  parabola-on-a-pedestal  distribution) 


Design  near-in  peak  sidelobe  level 

A 

-17.85  dB  (uniform) 

1 

-20 

1 .OA83 

-25 

1 .1A08 

-30 

1 .2252 

-35 

1.3025 

-AO 

I.37AI 

Figure  5.1-22e  shows  the  coma  lobe  degradation  as  a  function  of  F/D  for 
two  lateral  shifts,  0.5  X  and  0.25  X.  The  illumination  is  (I  -  (~-)^)^  which 

o 

provides  a  zero  field  at  the  reflector  edge  and  a  first  sidelobe  of *30  dB. 
However,  the  diagram  shows  clearly  that  higher  F/D  ratios  are  much  less 
sensitive  to  lateral  feed  displacements.  Note  that  the  gain  loss  is  very 
small  at  these  levels  (Fig. 5. l-22d) . 

Feed  axial  displacements 

The  effect  of  axial  displacements  of  the  primary-feed,  in  an  axisymmetric 
reflector  system,  is  essentially  to  defocus  the  far-field  radiation  pat¬ 
tern  of  the  antenna  at  infinity.  This  defocusing  will  result  in  a  loss 
of  antenna  gain.  With  regard  to  sidelobe  performance,  axial  defocusing 
will  result  in  an  increase  in  the  near-in  sidelobe  levels,  but  small  de¬ 
focusing  will  not  significantly  impair  the  wide-angle  radiation  for  most 
systems.  In  Fig.5.1-23a  the  gain  loss  (<5G)  due  to  an  axial  feed  shift 
from  the  focus  of  6  wavelengths  is  shown  as  a  function  F/D  for  two 
aperture- i 1 lumi nation  distributions. 

The  sidelobe  levels,  as  a  function  of  the  axial  shift  <5  are  shown  in 
Fig.5. l"23b.  Three  values  of  F/D  ratio  are  shown  with  a  parabola-on-a- 
pedestal  illumination  distribution  giving  a  -10  dB  taper.  This  illumina¬ 
tion  would  provide  a  -22  dB  first  sidelobe  level  in  the  absence  of 
blocking. 


Again  it  must  be  emphasised  that  these  curves  are  approximate  and  should 

t 

only  be  interpreted  in  terms  of  general  trends  rather  than  specific  values 


Cross-polarised  field  components  arising  from  the  curvature  of  ax {sym¬ 
metric  parabolic  reflectors  are  themselves  very  low,  i.e,  less  than 
-45  dB  and  the  most  important  effects  are  those  due  to  the  cross-polarised 
radiation  from  the  primary-feed  and  aperture  blockage  by  the  feed  and  sup¬ 
port  struts.  The  choice  of  feed  is  governed  by  the  reflector  F/D. 

However,  primary-feed  antennas  which  provide  good  cross-polarised  feed 
suppression  can  be  designed  for  both  small  and  large  F/D  ratios.  For  the 
linear  polarisation,  the  peak  cross-polarised  radiation  from  both  the 
primary-feed  and  the  overall  antenna  will  normally  occur  in  the  diagonal 
planes  (relative  to  the  polarisation  vector)  and  will  usually  occur  at 
angles  corresponding  (approximately)  to  the  -12  to  -20  dB  contour  of  the 
main  co-polarised  beam.  The  primary-feed  contribution  to  this  radiation 
can  be  suppressed  to  below  -40  dB  with  good  design  practice.  However,  it 
must  be  emphasised  that  the  suppression  which  can  be  achieved  may  be 
dependent  upon  other  constraints  imposed  by  the  design.  A  small 
linearly-polarised  rectangular  horn,  operating  in  its  fundamental -mode, 
and  designed  to  feed  a  paraboloid  of  small  F/D  ratio  (i.e.,  F/D  less 
than  0.5)  can  produce  a  peak  cross-polar  field  in  the  diagonal  plane  of 
the  overall  antenna  far-field,  which  Is  of  the  order  of  -20  dB.  The 
rectangular  horn  cross-polarisation  reduces  as  the  horn  dimensions  increase, 
hence  the  feed  is  more  suitable  for  larger  F/D  ratios  in  this  respect.  The 
cross-polar  suppression  of  conical  fundamental -mode  horns,  however,  tends  to 
improve  with  decreasing  diameter.  This  is  not  the  time  or  place  to  enter 
into  a  detailed  discussion  of  primary-feed  design.  Let  it  suffice  to  say 
that,  in  principle,  feeds  with  good  cross-polar  properties  can  be  designed 
for  both  small  and  large  F/D  reflectors,  within  the  limitations  set  by  the 
other  aspects  of  the  antenna  design. 

With  circularly-polarised  antennas,  the  primary-feed  cross-polar  radiation 
is  distributed  in  all  planes  and  a  ’diagonal  plane'  has  no  meaning  for 
this  case.  The  more  uniform  distribution  of  the  cross-polarised  energy 
for  this  case  tends  to  reduce  the  peak  levels  by  averaging  the  energy  over 
all  planes.  Strut  blockage  and  scattering  effects  are  particularly  diffi¬ 
cult  to  avoid  in  this  case,  since  no  optimum  orientation  of  the  struts, 
relative  to  the  polarisation  vector,  is  evident. 


For  Cassegrainian  configurations,  diffraction  from  the  sub- ref  lector  will 
be  an  additional  source  of  cross-polarised  radiation.  These  effects  can 
be  minimised  with  good  design  practice.  In  general  terms,  small  sub¬ 
reflectors  (in  terms  of  wavelengths)  are  undesirable  in  this  respect. 

Mesh  transmission  losses 

These  may  be  important  for  low  frequency  reflectors  where  mesh  surfaces 
are  commonly  used,  since  the  backlobe  may  be  dominated  by  the  spurious 
feed  radiation  transmitted  through  the  reflector.  The  front  to  back 
ration  wi 1 1  be: 

G  -  Gp  +  T  dB  (21 

where  G  is  the  gain  of  the  main  reflector,  Gp  is  the  feed  gain  and  T  is 
the  transmission  loss.  Figure  5-1 “24  shows  T,  and  the  associated  loss  on 
reflection,  R,  as  a  function  of  the  wire  spacing  in  wavelengths. 

5.1.5  Axisymmetric  reflectors:  Conclusions 

The  principal  limitations  on  the  sidelobe  performance  of  axisymmetric 
reflector  antennas  arise  as  a  consequence  of  aperture  blocking  and  scatter¬ 
ing  effects.  When  all  other,  less  fundamental,  factors  are  allowed  for, 
aperture  blocking  is  largely  responsible  for  the  increase  in  near-in 
sidelobe  levels  above  those  predicted  by  simple  aperture  illumination 
techniques.  Scattering  from  primary-feeds  and  their  supporting  struts 
are  major  contributors  to  the  wider  angle  spurious  radiation  from  the 
antenna.  The  minimisation  of  blocking,  by  use  of  very  thin  struts,  for 
example,  and  the  optimisation  of  the  blocking  geometry  could  lead  to  sig¬ 
nificant  reductions  in  the  sidelobe  levels  commonly  realised  with  practical 
antennas.  However,  the  presence  of  some  level  of  blockage  is  an  inherent 
feature  of  all  axisymmetric  reflector  configurations  and  this  will  always 
serve  to  limit  the  sidelobe-suppression  potential  of  this  class  of 
antennas. 

Axisymmetric  antennas  of  the  twist  reflector  Cassegrain  type  do  offer  the 
means  of  avoiding  sub-reflector  and  strut  blockage,  although  a  small 
central  blockage  and  scatter  from  the  primary-feed  hardware  itself  will 
remain.  These  antennas  offer,  in  theory,  the  lowest  sidelobe  performance 
available  for  axisymmetric  systems  but  there  is  a  severe  limitation,  in 


that  twist  reflector  designs  are  limited  to  one  hand  of  linear  polarisa¬ 
tion.  In  addition,  considerable  attention  must  be  given  to  the  construc¬ 
tion  of  the  twist  reflectors  if  additional  scattering  effects  are  not  to 
be  introduced  by  these  components. 

In  Table  5.1.7  below,  the  projected  performance  of  two  axisymmetric 
antennas  is  shown.  It  is  assumed  that  low  near-in  sidelobes  are  an 
objective  and  thus  the  antennas  have  been  given  a  relatively  large  illumina¬ 
tion  taper.  The  tabulation  has  then  attempted  to  identify  the  contribu¬ 
tions  to  the  overall  sidelobe  and  backlobe  radiation.  It  must  be  empha¬ 
sised  that,  although  the  comparison  made  is  between  a  small  diameter  prime- 
focus  reflector  and  a  larger  diameter  Cassegrain,  the  results  are  not 
intended  to  illustrate  that  the  Cassegrainian  is  superior  to  the  prime- 
focus  configuration.  The  differences  between  the  two  sets  of  results 
principally  reflect  the  differences  in  diameter,  although  some  aspects  of 
the  Cassegrain  performance  are  advantageous.  It  must  also  be  noted  that 
these  results  are  projected,  and  although  some  supporting  evidence  for  the 
prime-focus  antenna  could  be  inferred  from  results  obtained  from  somewhat 
larger  reflectors  (l.e.,  40  wavelengths  diameter  rather  than  10  wave¬ 
lengths)  there  is  no  known  supporting  evidence  for  the  Cassegrain  result. 

It  appears  that  most  of  the  Cassegrain  antennas  which  have  been  reported 
in  the  literature  were  designed  for  high  antenna  efficiencies  rather  than 
low  sidelobe  performance. 


Aperture 
diameter  -  10  X 

100  X 

Antenna  type 

Prime  focus 

Cassegrain 

F/D 

0.4 

>1.0 

Feed  type 

Choked  horn 

Corrugated  horn 

Illumination  taper  (dB) 

-18 

! 

-18 

Aperture  efficiency  (%) 

60 

i 

60 

Theoretical  gain  for  the  above 
efficiency  (dB) 

25.8 

45.8 

Half-power  beamwidth  (degrees) 

8.1 

0.81 

Backlobe  (dB) 

-33 

-46 

First  diffraction  sidelobe  (dB) 

-40 

-40 

(in  the  absence  of  blocking) 

Degradation  in  first  sidelobe  (dB) 
due  to 

(a)  a  lateral  feedshift  of 

0.25  X 

-36 

No  effect 

(b)  an  axial  feedshift  of 

0.25  X 

-39 

No  effect 

(c)  to  central  blockage 

(strut  dependent) 

-25  to  -32 

-34 

(d)  of  X/64  rms  surface-errors 

-37 

-37 

Strut  blockage  effect  on  far-out 

-40 

-50 

sidelobes  (dB) 

Peak  cross-polarisation  (dB) 

-35 

-35 

Estimated  final  level  of  first 
sidelobe  (dB) 

-22.5  to  -28.5 

-32 

Level  of  direct  spillover  past 

-27 

-40 

reflector 

for  frequencies  below  30  GHz. 

Total  losses  for  both  antenna  types  amount  to  about  1  dB. 


degrees 


Radiation  pattern  of  a  32  wavelength  Cassegrain  at  2.27  GHz. 
Illumination  taper  is  >8  dB.  Dashed  line  is  the  envelope  of 
the  sidelobes  for  an  idea)  circular  aperture  with  the  same 
half-power  beamwidth. 


3a:  Radiation  patterns  of  a  40  wavelength  axisymmetric  reflector 
at  30  GHz  with  a  single  strut  supporting  the  feed.  The  feed 
is  a  rectangular  smooth-walled  waveguide  horn  giving-19  dB 
edge  illumination. 

Mouiju rv-d  . —  ■  t.r-odi  ■  by  tangential  aperture  field 

method . 

(a)  Co-polar  radiation  patterns. 


Fig. 5. l-3b:  Radiation  patterns  of  a  40  wavelength  axisymmetric 

reflector  at  30  GHz  with  a  single  strut  supporting  the 
feed.  The  feed  is  a  rectangular  smooth-walled  waveguide 
horn  giving-19  dB  edge  illumination. 

Measured  -  predicted  ■  — »  —  by  tangential 

aperture  field 
method . 

(b)  Cross-polar  radiation  patterns  in  the  diagonal 


degrees 


Comparison  of  E  plane  radiation  patterns  for  a  10  wavelenqth 
reflector  with  a  dipole  at  the  prime  focus.  (Ref. 10). 

- Physical  Optics  -  Measured  -  Equivalent 

Current 


H  plane 


5.1*5:  Comparison  of  E  and  H  plane  shadow  radiation  patterns  for 
a  10  wavelength  reflector  with  a  horn  feed  at  the  prime 
focus . 
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F i g . 5 . 1 ~6 :  Aperture  efficiency  (solid  curves)  and  spillover  lobe 

(dashed  curves)  for  a  reflector  with  aperture  illumination 
I  -  A(r/a)  .  The  variable  is  n.  Three  values  of  A  are 
shown  (1)  0.7;  (2)  0.85;  (3)  1.0.  The  spillover  lobe  is 
shown  for  two  different  aperture  diameters,  D/A . 


40  degrees  80 


120 


Fig-5 


l-8a:  Radiation  patterns  of  a  12  ft  diameter  prime-focus  reflector 
in  the  range  f 0 - 7  to  11.7  GHz.  1  is  principal  polarisation. 
2  is  cross-polarisation, 

b:  The  same  with  a  rim  shield. 
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Radiation  pattern  plot  for  the  Dwingnloo  25  m  radio- 
telescope  at  1.415  GHz.  The  dashed  circles  show  the 
expected  positions  for  strut  blockage  sidelobes. 
Contours  are  in  dB.  Those  not  marked  are  -60  dB. 


degrees 


Fig. 5. 1-13:  Goonhilly  II:  radiation  patterns  at  3 - 95  GHz. 

Solid  -  measured  Dashed  -  predicted 


Fig. 5. 1-15:  Aperture  edge  taper  (dB)  vs  sidelobe  level  (dB)  for  an 
optimum  parabola-on-a-pedestal  illumination  without 
blocking  effects. 
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Fig. 5. 1-16:  Space  loss  (dB)  in  a  reflector  vs  0,  degree*  he  semi¬ 
angle  subtended  by  the  reflector  at  the  focus.  Equivalent 
F/D  ratio  is  also  shown. 


Fig.  5-1-17: 


Generalised  feed  radiation,  u  =  n  sin  o+d//  where  d 
the  aperture  diameter, 

1.  A  hybrid  mode  or  dual  mode  horn 

2.  Fundamental  mode  conical  horn  in  circular 
polarisation 
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F i g . 5 . 1 -20c :  Variation  in  aperture  efficiency,  ha>  with  0s/Do  for 
several  side  lobe  levels  (illumination  is  modified  one- 
parameter  circular).  (Hansen  Ref. 4). 
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FI g . 5 . 1 -21a :  The  gain  loss  (dB)  vs  rms  phase  errors,  for  four  correlation 
intervals:  (l)  0/50,  (2)  D/12.5,  (3)  0/8,  (4)  0/4. 
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Fig-5. l”21b:  Typical  variation  of  first  and  second  sidelobe  level 
(labelled  I  and  2)  with  rms  phase  error. 

(a)  Illumination  l-(r/a)*  C/0  «  0.05 

(b)  Illumination  l-(r/aj  C/D  ■  0.1 

(c)  Cosine  squared  illumination  C/D  *  0.04 
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F  ig  .  5 • 1 -22c :  Coma  lobe  (dB)  vs  X  for 

three  aperture  illuminations 
l  .  Uni  form 

2.  10  dB  taper 

3.  (l-(r/a)2)2 


F i g .  5 -  1  - 22d  :  Gain  loss  (dB) 
for  two 
aperture  q 

distributions. 

1.  Uniform  M 

2.  10  dB  taper  2 
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:  Coma  lobe  (dB)  as  .i 
f unc t ion  of  F/D  for 
1  atera  1  shifts  rj f 

(1)  0.5  and 

(2)  0.25  v/ave- 
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5.2  Asymmetric  (Offset)  Parabolic  Reflectors 
5.2.1  Prediction  of  performance 

Although  the  geometry  of  an  offset  reflector  (Fig. 5-2-1)  is  less  straight¬ 
forward  than  that  of  an  axisymmetric  reflector  and  various  effects  due  to 
the  asymmetry  must  be  considered,  the  removal  of  all  blockage  effects 
brings  about  major  improvements  in  the  antenna  sidelobe  performance  in 
both  the  near- in  and  far-out  regions. 

The  geometry  of  this  offset  configuration  has  been  detailed  by  various 

1  2 

authors,  notably  Cook,  Elam  and  Zucker  and  Rudge  and  techniques  now 

2  1 8 

exist  which  permit  accurate  predictions  of  the  antenna  performance  ’ 

The  reflector  is  normally  specified  in  terms  of  the  parameter,  9  ,  the 

O  JL 

offset  angle,  F,  the  focal  length  of  the  parent  paraboloid  and  0*',  the 
semi-angle  subtended  by  the  reflector  rim  at  the  geometric  focus.  To 
provide  a  circular  projected  aperture  of  diameter  d,  an  elliptically 
contoured  reflector  is  required.  The  diameter  d  is  related  to  the  other 
parameters  by: 


d 


4F  sin  9 

a 

cos  0  +  cos  0 

o 


(22) 


while  the  reflector  itself  has  dimensions  given  by: 

a  /  2  *  I  3 

2F  sin  0  /\  +  cos  6  +2  cos  0 


cos  6 


major  semi  axis 


(' 


cos  0  +  COS  0 


4 

*, 


A 


minor  semi  axis  =  2F 


sin  0 


A 

cos  0  +  cos  9 


(23) 


(24) 


Theoretical  predictions  of  the  final  radiation  pattern  have  so  far  been 
limited  to  the  angular  zone  around  boresight  and  predictions  over  angles 
of  ±180°  do  not  appear  to  be  available  in  the  literature.  Nor  are  there 
many  published  examples  of  extensive  measurements.  Good  agreement  has 
been  obtained  over  a  limited  region  for  sidelobes,  gain  and  cross- 
polarisation'’^.  Predictions  for  a  design  giving  -40  dB  sidelobes  have 

i* 

been  successfully  confirmed  showing  that  the  removal  of  blockage  does 


enable  a  suitable  illumination  to  be  formed  across  the  antenna  aperture. 
Predictions  so  far  as  they  go  are  usually  accurate  within  ±1  dB  at  the 
-20  dB  level  and  both  aperture  field  and  current  distribution  methods  can 
and  have  been  used  (see  Section  5.1). 

The  asymmetry  of  the  offset  reflector  introduces  an  asymmetric  space 
attenuation  effect  due  to  differing  distances  from  the  focal  point  to  the 
two  diametrically  opposed  points  on  the  reflector  rim  (Fig. 5. 2-4).  The 
smaller  the  parametric  angles  0q  and  0  ,  the  smaller  this  asymmetry  and 
the  less  the  disturbance  caused  to  the  sidelobes.  Figure  5 - 2“5  shows 
the  sidelobe  level  as  a  function  of  offset  angle  for  two  values  of  edge 
illumination.  For  the  illumination  taper-function  used,  the  offset  angle 
requires  to  be  restricted  to  below  30°  for  good  near-in  sidelobe  perform¬ 
ance  in  both  planes,  though  even  with  larger  values  of  0Q  excellent 
performance  could  be  obtained  in  the  plane  of  asymmetry  at  the  expense  of 
the  level  in  the  symmetry  plane.  Somewhat  different  sidelobe  levels  can 
be  obtained  using  different  primary  feed  illuminations,  but  the  trends 
remain  as  shown.  Figure  5-2-6  shows  the  sidelobe  level  in  the  asymmetric 
lane  as  a  function  of  taper. 

A  considerable  literature  on  the  cross-polarisation  levels  in  the  offset 
reflector  has  been  published  (for  example.  Refs. 5  and  6)  since  the 
asymmetry  of  the  reflector  introduces  cross-polarisation.  Figure  5.2-7 
shows  the  peak  cross-polarisation  (for  linear  polarisation)  as  a  function 
of  the  two  reflector  angles,  0Q  and  0  .  These  peaks  occur  in  the  plane 
of  asymmetry  of  the  reflector  at  angles  corresponding  approximately  to 
the  -6  dB  levels  of  the  main  co-polarised  beam.  Hence  these  lobes  are 
contained  within  the  envelope  of  the  main  co-polar  beam.  If  the  cross- 
polar  performance  of  the  main  beam  is  unimportant,  then  the  effect  of  the 
cross-polar  radiation  in  the  sidelobe  envelope  of  the  antenna  will  be 
negligible  for  most  applications. 

When  circular-polarisation  is  employed,  a  beam  squint  results  from  the 
reflector  asymmetry.  Adatia  and  Rudge^  have  shown  that,  to  an  accuracy 
of  10%  the  squint  angle,  0$,  may  be  given  by: 


•  arc  sin 


(25) 


where  F  is  the  focal  length  of  the  parent  paraboloid  in  wavelengths. 
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In  some  applications  these  effects  limit  the  maximum  values  of  6  and  0 

o  ° 

and  values  below  35  are  often  adopted  for  these  reasons.  (A  typical 

**  o 

practical  configuration  might  be  0q  »  0  +  5  )•  For  cross-polar  lobe 
suppression  of  40  dB,  the  angles  must  be  very  small,  0q  <  15°,  0  <  14°, 
which  results  in  a  very  long  structure.  For  good  sidelobe  suppression, 

however,  a  shorter  structure  can  be  employed  although  very  large  values 

£ 

of  9q  and  9  imply  an  asymmetric  distribution  in  the  aperture-plane  of 
the  antenna,  which  can  raise  the  levels  of  the  near-in  sidelobes. 

For  offset  angles  less  than  about  50°  the  cross-polarisation  can  be  reduced 

8  9 

using  a  recently  developed  multi-mode  feed  '  .  This  'matched'  feed  gener¬ 
ates  a  field  with  cross-polarisation  properties  matched  to  that  of  the 
offset  reflector.  This  results  from  exciting  a  higher-order  mode  in  the 
aperture  plane  of  rectangular  or  conical  feed  horns.  The  magnitude  of 
the  higher-order  mode  required  to  match  a  given  reflector  depends  upon  the 

A 

angles  6q  and  0  .  Linearly-polarised  feeds  have  been  demonstrated  which 
provide  a  minimum  additional  cross-polar  suppression  of  iOdBover  a  band¬ 
width  of  5%.  Since  the  modes  employed  in  this  matched-feed  must  remain 
in  a  specific  relative  phase  and  amplitude  relationship,  bandwidths  of  the 
order  of  5-10$  are  likely  to  be  a  practical  limitation  in  the  short  term, 
although  wider  bandwidths  are  not  fundamentally  excluded.  In  principle, 
the  beam-squint,  arising  from  the  use  of  circular  polarisation  with  the 
asymmetrical  reflector,  can  also  be  cancelled,  although  practical  devices 
have  yet  to  be  demonstrated. 

It  is  interesting  to  note  that  the  additional  modes  employed  in  the 
matched-feed  devices  also  lead  to  compensation  of  the  asymmetric  reflector 
illumination.  Hence,  in  principle,  the  offset  reflector  can  be  designed 
such  that  it  operates  essentially  as  an  unblocked  axisymmetric  reflector 
antenna.  Attempts  to  produce  more  sophisticated  aperture  illumination 
distributions  in  these  antennas  would  be  clearly  more  worthwhile  than  in 
the  case  of  their  axisymmetric  counterparts,  in  view  of  the  avoidance  of 
blocking. 

Dual-offset,  or  offset  Cassegrain  reflector  systems,  although  their 
analysis  is  more  complex,  also  offer  certain  advantages.  In  these  systems 
the  sub-reflector  can  be  offset  from  the  main  reflector  and  the  primary- 
feed,  to  provide  a  long  F/D  system,  again  without  blocking. 

One  variation  on  the  offset  Cassegrain  principle  is  termed  the  'Open 
Cassegrain'*  in  which  the  sub-reflector  is  offset  but  the  feed  is  located 
within  the  aperture  of  the  main  reflector.  An  example  is  shown  Fig. 5. 2-2. 


Large  offset  angles  result  from  this  configuration  and  peak  cross- 
polarised  levels  will  be  typically  of  the  order  of  -25  dB. 

Adatia"  has  analysed  a  double-offset  Cassegrain  (Fig. 5. 2-3)  in  which  the 
sub-reflector  inclination  is  adjusted  to  suppress  the  cross-polar  radiation 
below  -45  dB  with  linear  polarisation.  It  should  be  noted  that,  with 
1 inearly-polarised  offset  parabolic  reflectors,  the  peak  cross-polarised 
radiation  generated  by  the  offset  reflector  occurs  in  two  lobes  within 
the  main  beam  of  the  antenna.  If  the  cross-polar  performance  of  the  main 
beam  is  unimportant,  then  the  effect  of  the  cross-polar  radiation  on  the 
sidelobe  envelope  of  the  antenna  will  be  negligible  for  most  applications. 
When  illuminated  by  a  circularly-polarised  primary-feed,  the  offset  antenna 
does  not  generate  cross-polarised  radiation  but  a  small  beam-squint  effect 
is  observed,  the  direction  of  which  is  dependent  upon  the  band  of 
polarisation. 

A  further  notable  advantage  of  the  offset  reflector,  is  the  reduction  in 
reflector  reaction  upon  the  primary-feed'0.  The  reflector-feed  isolation 
is  typically  below  -45  dB  which  must  be  compared  with  -20  to  -30  dB  for 
an  axisymmetric  reflector  antenna.  The  high  isolation  improves  the  antenna 
V/SWR  and  reduces  cross-coupling  between  the  elements  of  multiple-beam  feeds 

The  far-out  sidelobes,  direct  spillover  and  backlobe  radiation  from  an 
offset  reflector  can  be  estimated  approximately  using  the  techniques 

19 

described  for  axisymmetric  reflectors,  in  the  absence  of  blocking.  Peters 
has  suggested  that  offset  reflectors  can  offer  improved  backlobe  perform¬ 
ance  since  the  more  distant  edge  of  the  reflector  has  reduced  diffraction 
and  the  nearer  edge  can  be  castellated.  Rim  shielding  and  hoods  can  also 
be  employed  to  good  advantage. 

5.2.2  Examples  of  offset  parabolic  reflector  sidelobe  performance 


Relatively  few  examples  of  the  performance  of  offset  reflectors  have  been 
published  and  most  n  ,ve  diameters  in  the  range  10-100  wavelengths. 

Table  5.2.1  contains  a  tabulation  of  the  data  documented  and  some 
examples  are  discussed  below. 

Example  1  -  The  Intelsat  IVA  satellite'^  carries  offset  antennas,  18  wave¬ 
lengths  square,  two  for  transmit  at  4  GHz,  the  third  for  receive  at  6  GHz. 
All  are  circularly  polarised.  The  antennas  are  fed  by  an  array  of  horn* 


with  a  complex  feed  network  to  give  shaped  coverage  over  specified  land 
areas  and  good  sidelobe  suppression.  With  6q  =  35°  and  6  =  28°, first 

sidelobe  suppression  below  -27  dB  was  achieved  and  inter  beam  coupling 
was  below  this  level. 

Example  2  -  An  offset  reflector  with  an  offset  angle  of  90°  was  fed  from 

a  large  cylindrical  corrugated  horn  to  form  a  horn-reflector  system  simi- 

20 

lar  to  the  hog-horn  arrangement  .  Installing  an  absorber  lined  tunnel 
to  reduce  spillover  energy  resulted  in  suppression  of  the  wide-angle 
sidelobe  (i.e.,  at  angles  greater  than  about  40°)  to  below  -70  dB.  Near¬ 
in  sidelobes  suffered  from  large  offset  angle  asymmetry  and  were  of  the 
order  of  -26  dB  close  to  main  beam  but  rapidly  falling  to  -40  dB  level. 

The  antenna  operated  at  37  GHz  with  a  half-power  beamwidth  of  1.7°  and 
gain  of  40  dB.  Cross-polar  peaks,  due  to  illumination  asymmetry  caused 
by  the  large  offset  angle,  occurred  at  the-16dB  level,  but  these  were  con¬ 
tained  within  the  main  co-polar  beam.  Backlobe  radiation  was  suppressed 
to  below  -80  dB. 

if 

Example  3  *  An  offset  parabolic  reflector  with  elliptical  contour  antenna 
was  designed  to  provide  an  elliptical  beam  with  half-power  beamwidths 
approximately  3°  by  4°.  Near-in  peak  sidelobes  in  azimuth  were 

specified  to  be  less  than  -38  dB  rapidly  falling  to  the  -50  dB  level,  and 
in  elevation  less  than  -24  dB  with  a  similar  rapid  fall-off.  The  illum¬ 
ination  taper  was  -20  dB  in  both  planes.  The  angular  parameters  were 

0q  ■  45°  and  the  semi -angles  of  the  two  axes,  0^  and  0^,  were  38°  and  59°. 
The  cross-polarisation  was  predicted  as  rather  poor  at  -20  dB  but  these 
lobes  were  contained  within  the  main-beam,  and  depolarisation  of  the  main- 
beam  was  not  an  important  consideration  in  this  design. 

The  achieved  sidelobe  levels  are  shown  in  Table  5.2.2.  Figures  provided 
in  brackets  refer  to  predicted  values.  The  performance  shown  was  achieved 
with  some  use  of  absorber  to  shield  the  feed  supporting  structure  from 
stray  reflections  and  to  absorb  spurious  feed  radiation.  No  loss  of 
efficiency  is  entailed,  however,  since  this  activity  was  concerned  only 
with  the  spillover  radiation  (Fig. 5-2-8). 

Although  the  data  given  in  Table  5.2.2  is  for  an  elliptical-beam  antenna, 
it  does  demonstrate  the  potential  of  the  offset  reflector  to  provide  low 
sidelobe  performance.  The  relatively  high  level  of  spillover  radiation 


Sidelobe  performance  of  an  elliptical-aperture,  offset 

reflector  antenna 


Level 

(dB) 

rarafne  ter 

H  plane 

E  plane 

Near- in  peak  sidelobe  peak 

-37  (-38) 

-24  (-24) 

Angular  range  10-45° 

<-42 

A 

1 

-fc- 

O 

Spillover  (past  reflector  rim) 

<-45  (<-50) 

-32  (-33) 

Backlobe 

<-50  (-34) 

<-50  (-34) 

Illumination  taper 

-20 

-20 

Near- in  cross-polarisation  peak 
level  (within  main  beam) 

-17  (-18) 

<-40  (-“) 

Far-out  cross-polar  peak  level 

<-45 

<-50 

& 

This  prediction  was  made  for  an  equivalent  axi symmetric  reflector  and 
may  be  pessimistic.  Measurements  were  made  with  small  sheet  of  absorber 
behind  reflector,  hence  no  firm  conclusions  regarding  offset  reflector 
back  lobes  can  be  drawn. 

in  the  E  plane  is  a  consequence  of  the  indifferent  performance  of  the 
simple  primary  feed  employed  (i.e.,  a  fundamental -mode  rectangular  horn). 
Studies  have  indicated  that  an  improvement  of  the  order  of  7  dB  could  be 
realised  with  an  improved  feed  design.  The  cross-polarisation  peaks  are 
contained  within  the  main-beam  envelope  and  were  not  of  concern  in  the 
application  for  which  the  antenna  was  designed.  However  they  could  be 
reduced  to  the  -40  dB  level  over  a  5%  band  using  a  'matched  feed'  of  the 
type  referred  to  above. 


In  Fig. 5-2-8  some  examples  are  shown  of  offset-reflector  antenna  radiation 
patterns  obtained  from  an  antenna  operating  in  the  26-40  GHz  band. 
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5.2.3  Conclusions:  Asymmetric  reflector  antennas 

The  offset  parabol ic  reflector  in  its  single  reflector  and  offset 
Cassegrain ian  forms  is  somewhat  more  complex  to  deal  with  analytically 
and  practically  than  its  axisymmetric  counterpart.  Nevertheless,  tech¬ 
niques  have  now  been  developed  which  allow  the  design  of  offset  antenna 
systems  to  be  placed  on  a  firm  analytical  basis.  The  advantages  of  off¬ 

set  systems  are  very  significant  when  low  sidelobe  performance  is  of  con¬ 
cern  and  it  appears  that  the  avoidance  of  blocking  and  scattering 
from  the  feed  and  its  supporting  struts  is  of  fundamental  importance  in 
these  applications.  The  excellent  electrical  isolation  between  primary- 
feed  and  offset  reflector  is  another  significant  advantage  in  the  design 
of  high  performance  systems. 

The  disadvantages  of  the  offset  systems  can  be  identified  as  their  de¬ 
polarising  properties  and  the  additional  mechanical  and/or  structural 
problems  which  arise  as  a  consequence  of  their  asymmetry.  However,  the 
point  must  be  made  that  these  disadvantages  are  open  to  engineering 
solutions  and  that  these  problems  appear  considerably  more  tractable  than 
the  fundamental  problems  represented  by  blocking  effects  in  axisymmetric 
systems.  The  depolarising  properties  of  offset  systems  have  been  re¬ 
ceiving  attention  and  already  methods  have  been  developed  by  means  of 
which  these  effects  can  be  compensated.  Use  of  an  optimised  double¬ 
offset  reflector  system,  or  a  multi -mode  feed  technique,  allows  good 
cross-polar  performance  to  be  attained  from  asymmetric  reflector  systems 
without  loss  of  the  low-sidelobe  capability. 

In  Table  5.2.3,  the  projected  performance  of  two  low-sidelobe  offset 
reflector  antennas  is  shown.  The  smaller  antenna  is  a  single  reflector 
system,  while  the  larger  antenna  employs  an  optimised  double-offset  con¬ 
figuration.  To  demonstrate  the  linearly-polarised  performance  capa¬ 
bilities  of  the  single  reflector  offset-antenna,  a  cross-polar  compensa¬ 
ting  feed  has  been  assumed  for  this  case.  For  circular  polarisation, 
similar  sidelobe  and  cross-polar  performance  could  be  achieved  using  a 
more  conventional  conical  feed  horn. 

For  the  offset  antennas,  the  reflector  profile  errors  and  feed  alignment 
dominate  the  sidelobe  performance.  However,  for  the  diameters  shown,  the 
tolerances  necessary  to  maintain  the  sidelobe  performance  specified  are 


not  too  stringent.  The  spillover  and  backlobe  radiation  levels  represent 
the  major  drawbacks  for  these  smal 1 -to -medium  large  diameter  systems.  A 
selective  use  of  shrouds  and  shielding  material  could  be  expected  to 
improve  these  levels  very  significantly. 

Table  5.2.3 

Projected  performance  of  low-sidelobe  offset  reflectors 


Aperture  diameter 

10  A 

100  A 

Antenna  type 

Single  reflector 
with  compensated 
feed 

Dual  reflector 

0q  (degrees) 

35 

50 

0*  (degrees) 

30 

30 

Illumination  taper  (dB) 

-18 

-18 

Aperture  efficiency  (%) 

(for  the  above  taper) 

60 

60 

Half-power  beamwidth  (degrees) 

8.1 

0.81 

Theoretical  gain  for  above 
efficiency  (dB) 

25.8 

45.8 

First  sidelobe  (dB) 

in  the  plane  of  asymmetry 

-42 

-40 

in  the  plane  of  symmetry 

-37 

-40 

Backlobe  (dB) 

-33 

-46 

Spillover  lobe  (dB) 

-27 

-40 

Degradation  in  first  sidelobe 
level  due  to  (dB) 

(a)  a  lateral  feedshift  of  0.25  A 

-35 

No  effect 

(b)  an  axial  feedshift  of  0.25  A 

-38 

No  effect 

(c)  A/32  rms  surface  errors 

-34.5 

-34.5 

(d)  A/64  rms  surface  errors 

-37.5 

-37.5 

Estimated  final  level  of  the 
first  sidelobe  (dB) 

vO 

cr\ 

1 

V 

-39 

Peak  cross-polarisation  (dB) 

-40 

-45 

reflector 


Fig. 5-2-1:  The  offset  reflector  antenna. 


Fig. 5-2-2:  The  Open  Cassegrain  antenna. 


1U 


0  degrees 


5.2-4:  S,  space  attenuation  factor  for  offset  reflectors  including 
an  additional  } ( 1  +  cos  9*)  term  from  the  feed  expression. 
For  the  plane  of  symmetry  (d)  0O  *  45°,  (e)  0O  =  40° 

(f)  0O  -  35°.  For  the  plane  of  asymmetry  curve  g  holds  for 
any  offset  angle. 


\  \N 

\  \  N 


Fig. 5-2-6: 


4  6 

T  dBs 


Beamwidth  factor,  N,  (solid  curve)  and  first  sidelobe  level 
in  the  asymmetric  plane,  S  (dashed  curve)  as  a  function  of 
taper,  T,  across  the  aperture.  N  is  defined  as  sin  =  N*/d 
where  <(;  is  ..he  half-power  beamwidth,  d  is  the  diameter  of 
the  projected  aperture.  For  the  sidelobe  level  curves,  a  is 

(y-  _  i  e\0  t  _  mO  _  c _ r.  _  i.rO 


10°,  b  for  <r  =  30  ,  c  for  f): 


Fig. 5-2-7:  Peak  cross-polarisation  relative  to  the  main  beam,  as  a 
function  of  the  parameters,  6  and  H" ,  of  an  offset 
reflector.  ° 


Fig. 5. 2-8:  Radiation  pattern  of  an  elliptical  offset  reflector  with 
-  ha If -power  beamwidths  of  3°  x  4°  at  30  GHz _ 
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The  principal  advantage  of  a  spherical  reflector  is  that  it  is  capable  of 
generating  beams  over  a  large  angular  space  without  change  of  beamshape, 
gain  or  sidelobe  level.  The  geometry  is  illustrated  in  Fig.5.3”l*  How¬ 
ever,  due  to  spherical  aberration,  the  energy  in  the  reflector  focal 
region  is  defocused  and  for  F/D  ratios  less  than  0.6,  an  end-fire  line 
feed  must  be  used.  This  introduces  support  problems  which  increase  the 
blockage.  In  addition,  line  feeds  of  the  end-fire  type  have  poor  cross¬ 
polarisation  properties.  Simultaneous  multiple-beam  operation  is  of  poor 
quality  due  to  mutual  coupling,  interference  and  shadowing  between 
adjacent  line  sources.  For  F/D  ratios  greater  than  0.6,  a  horn  or  similar 
feed-element  can  be  used  at  the  'optimum  location1.  The  effective  focal 
length  is  not  R/2  as  in  an  optical  system,  though  the  focal  length  does 
tend  to  R/2  as  the  F/D  ratio  increases  (Fig. 5-3-1). 


The  path  length  from  the  feed  to  the  aperture  plane  by  way  of  the  reflect¬ 
ing  surface  is  a  function  of  0  which  gives  rises  to  a  phase  error.  This 
error  increases  slowly  with  0  to  a  maximum  value  of  at  8  ■  8  ;  there- 
after  the  error  goes  rapidly  to  large  negative  values.  The  'optimum 
location*  is  normally  that  feed  position  which  will  give  zero  phase  error 
at  8  ■  e^,  the  edge  of  the  aperture. 


The  maximum  phase  error  A  is  given  by: 

m 


■  R  cos  0_ 


where 


sec  0 

fn 


1  ♦  sin 


(27) 


«  /  1  *4 

For  small  values  of  0.  where  F/R  >  0.5,  A  decreases  as  (F/D  thus  con- 

A  m  \ 

firming  that  a  point  source  can  be  used  for  high  F/D  ratios  (>0.5).  There 
is  a  limitation  on  the  aperture  diameter  since  the  spherical  phase  error 
will  reduce  the  directivity  gain.  The  F/D  ratio  can  be  specified  in 
terms  of  a  gain  loss  for  a  given  illuminated  aperture  diameter  D  (Fig. 5.3-2) 
If  the  phase  error  is  to  be  restricted  to  less  than  ±X/t6,  DA  must  not 
exceed  256  (F/D) -  This  will  keep  the  forward  loss  below  0.2  dB.  A 


symmetric  phase  error  of  this  type  wtii  have  a  deleterious  effect  on  the 
si  delobe  performance. 

For  example,  a  spherical  antenna1  with  F/D  «  0.78  and  a  feed  taper  at  the 
aperture  edges  of  15  dB,  had  first  sidelobes  of  -18  dB  which  are  worse 
than  expected  with  such  a  taper.  The  antenna  diameter  was  150  wavelengths 
compared  with  the  restriction  of  121  wavelengths  as  given  above.  Clearly 
then,  the  sidelobe  performance  of  a  spherical  reflector  will  be  inferior 
to  that  of  a  prime-focus  parabolic  reflector  of  the  same  aperture,  though 
the  gain  and  backlobe  should  be  comparable.  The  degrading  factors  are: 

-  the  necessity  for  long  F/D  values,  which  increase  the  blockage 
by  requiring  a  larger  feed  and  stronger  support  structure. 

-  the  inherent  phase  errors  of  a  spherical  reflector  though  these 
will  be  a  function  of  F/D  and  D. 

2 

Hyde  has  studied  the  focal  plane  region  of  a  spherical  reflector.  Unlike 
a  parabolic  reflector,  when  a  spherical  reflector  is  Illuminated  with  a 
plane  wave  of  linear  polarisation  there  is  a  large  amount  of  power  at  the 
focal  region  in  the  orthogonal  polarisation.  Experimental  probing  of  a 
spherical  reflector  produces  results  agreeing  well  with  his  predictions 
and  we  must  conclude  that  a  spherical  reflector  has  a  large  amount  of 
inherent  cross-polarisation.  The  feed  element  performance  and  the  pres¬ 
ence  of  support  struts  will  also  degrade  the  cross-polarisation  performance 
which  is  therefore  likely  to  be  inferior  to  that  of  a  prime  focus 
reflector. 

3  4 

A  dual  spherical  reflector  system  can  also  be  used  ’  .  For  multiple- 
beam  use,  a  spherical  sub-reflector  must  be  used  since  otherwise  the 
off-axis  beams  will  not  be  properly  reflected.  For  a  single  beam,  a 
shaped  reflector  can  be  used  giving  performance  similar  to  a  Cassegrain 
antenna.  This  spherical  dual  reflector  will  suffer  from  all  the  defects 
of  a  Cassegrain,  with  the  additional  defect  of  stringent  relative  posi¬ 
tioning  of  sub-reflector  vis-a-vis  the  main  reflector  since  the  phase 
corrections  are  so  much  greater.  (The  spherical  aberration  can  in  theory 
be  entirely  removed).  The  performance  of  such  an  antenna  deteriorates 
badly  off-axis  and  there  Is  little  point  In  using  it  in  preference  to  a 
Cassegrain.  Measurements  using  a  Gregorian  corrector^  of  12  wavelengths 
diameter  with  a  spherical  reflector  of  diameter  94.5  wavelengths 
(F/D  ■  0.5)  gave  first  sidelobes  of  “11  to -12  dB  at  9.3  GHz.  Lower  sidelobes 


are  difficult  to  achieve  with  this  system  as  the  geometry  required  to 
correct  for  the  spherical  aberration  causes  a  high  inverse  illumination 
taper,  in  this  case  +9  dB. 

The  feed  could  be  replaced  by  a  small  array  of  feed  elements  which  could 
correct  for  the  phase  errors.  For  a  prime  focus  system  the  blockage  would 
be  unacceptable  and  for  a  dual  reflector  system  there  appears  to  be  no 
advantage  over  a  Cassegrain  ax i symmetric  reflector. 

Should  multiple-beam  performance  be  required,  the  dual  spherical  reflector 
using  a  spherical  sub-reflector  will  give  performance  unchanged  over  the 
required  angular  range  (which  must  be  less  than  120°).  A  phased  array 
corrector  might  have  to  be  larger  than  the  minimum  diameter  of  the  sub- 
ref  lector,  which  will  enhance  the  blockage.  Also,  the  area  of  the  antenna 
must  increase  with  increasing  angular  range  as  each  beam  uses  a  different 
portion  of  the  reflecting  surface.  This  may  result  in  off-axis  beam 
degradation  due  to  the  aperture  illumination  being  asymmetric  for  the 
outer  beams. 

5.3.2  Parabolic-cylinder  reflectors 

A  reflector  antenna  can  take  the  form  of  a  cylinder  which  has  its  semi¬ 
circular  section  replaced  by  a  parabolic  one.  The  parabolic-cylinder 
reflector  can  be  fed  by  a  line  feed,  of  length  L,  which  will  itself  pro 
duce  a  cylindrical  wavefront.  On  reflection,  this  will  become  a  plane 
wave,  provided  that  the  reflector  is  in  the  near-field  of  the  line  source. 

If  p  is  the  distance  between  the  edge  of  the  reflector  and  the  focal 
0  L2 

line,  p  must  be  less  than  -r-  'n  order  for  the  line  feed  to  give  a 
cylindrical  rather  than  spherical  wavefront  and  so  L  »  X  (Ref.l). 

Often  a  relatively  small  value  of  F/D  is  used  to  avoid  excessive  feed 
blockage  which  is  higher  than  that  encountered  in  a  paraboloid.  The  use  of 
a  small  F/D  ratio  also  avoids  the  large  support  structure  which  becomes 
necessary  with  a  high  F/D  reflector.  However,  the  feed  dimensions  become 
relatively  large  when  a  large  illumination  taper  is  required.  The  major 
difficulty  with  cylindrical  reflectors  is  that  the  gain  of  the  feed  and 
the  reflector  are  not  sufficiently  different  to  reduce  spillover  sidelobes 
much  below  -20  dB  in  the  plane  perpendicular  to  the  cylinder.  This  is 
particularly  true  when  the  electric  vector  is  at  right  angles  to  the 
cylinder  axis,  if  the  electric  vector  is  parallel  to  the  cylinder  axis, 


these  sidelobes  can  be  reduced  below  '25  dB.  Aperture  efficiencies 

realisable  with  parabolic  cylinder  antennas  are  high  (65%~7Q%)  but  back- 
lobes  are  poor  since  the  feed  gain  Is  high. 

The  effect  of  blockage  has  not  been  discussed  but  clearly  the  antenna 
sidelobe  performance  will  be  degraded  by  blocking  and  such  an  antenna  is 
not  particularly  useful  for  low  sidelobe  applications. 

The  blockage  problem  can  be  alleviated  by  the  use  of  an  offset  parabolic- 
cylinder  reflector  (see  Section  5.2).  This  configuration  has  been 
examined  by  Adatia  and  Rudge^.  Efficiencies  greater  than  70$  can  be 
realised  with  this  arrangement  and  sidelobe  levels  can  be  kept  below  -20  d6 
by  using  a«10  dB  taper  across  the  reflector.  A  slight  widening  of  the 
main  beam  below  the  -20  dB  level  can  be  attributed  to  the  differential 
taper  between  the  two  opposite  edges  of  the  reflector.  In  the  orthogonal 
plane,  the  line  feed  may  be  given  a  suitable  taper  to  give  a  low  sidelobe 
level . 

If  a  cylindrical  reflector  is  fed  by  a  point  source  the  reflected  wave  is 
a  cylinder  with  its  axis  perpendicular  to  the  cylinder's  axis.  Epis  and 
Watkins  used  a  point  feed  (a  conical  horn  offset  along  the  focal  line)  to 
give  a  circular  beam  whose  patterns  were  constant  between  16  and  28  GHz. 
One  of  the  points  emphasised  by  these  authors  is  that  the  VSWR  was  less 
than  1.2  over  the  whole  range  whereas  a  symmetric  parabolic  cylinder  has 
a  rather  poor  VSWR  performance  due  to  radiation  reflected  back  into  the 
feed. 

A  further  extension  of  this  property  is  to  use  the  front  feed  plus 
cylindrical  reflector  as  a  feed  for  a  second  reflector'*’^  but  in  no  case 
were  the  reported  sidelobes  better  than  -25  dB. 

The  offset  parabolic-cylinder  antenna  is  very  useful  as  a  beam  scanning 
antenna  since  the  beam  maintains  its  properties  and  high  efficiency^  over 
a  large  scan  angle.  A  phased  linear  array  is  a  suitable  feed  for  such  an 
antenna.  It  also  has  the  property  that  the  reflector  does  not  introduce 
further  cross-polarisation  and  the  main  design  onus  for  this  parameter 
falls  on  the  performance  of  the  feed  array. 

The  backlobe  and  spillover  lobe  will  be  larger  than  for  a  paraboloidal 
reflector,  since  the  feed  again  is  larger.  Tunnel  shrouds  and  absorber 
might  reduce  these  spurious  lobes  by  as  much  as  15  dB,  but  the  performance 
in  this  respect  is  still  only  moderate. 


Although  the  sidelobe  levels  achieved  have  not  been  better  than  -25  dB 
(Ref s .5, 6,7,8) ,  there  seems  no  reason  why  lower  levels  of  first  sidelobe 
should  not  be  achieved  by  appropriate  tapering^.  Possibly  the  high 
spillover  lobe  has  discouraged  designers  from  aiming  at  lower  sidelobe 
1  eve  1 s . 

5.3*3  Parabol ic-torus  reflector 

This  reflector  is  fundamentally  a  wide-angle  scanning  antenna  where,  as 
in  the  spherical  antenna,  the  beam  is  unchanged  with  scan  angle.  The 
parabolic  torus  is  formed  by  rotating  a  vertical  parabola  about  a  verti¬ 
cal  axis  positioned  a  distance  R  from  the  vertex.  The  geometry  is 
illustrated  in  Fig. 5. 3-3.  By  moving  the  feed  in  an  arc,  radius  p1  about 
the  same  vertical  axis  the  beam  can  be  scanned  over  large  angles.  |pj  +  F 

For  low  sidelobe  applications  the  offset  form  of  the  parabolic  torus 

offers  obvious  advantages  in  avoiding  aperture  blocking  effects.  The 

torus  is  a  parabola  in  any  plane  section  through  the  vertical  rotation 

axis,  and  has  the  appropriate  focal  length,  F,  of  the  generating  curve. 

In  the  horizontal  plane,  the  section  is  a  circle  which  will  focus  at  a 

distance  of  half  the  radius  in  that  plane.  The  focal  length,  F,  of  the 

parabola  must  bechosento  have  some  suitable  compromise  value  and  values 
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of  F/R  ranging  from  0.45  to  0.5  appear  in  the  literature  *  *  .  This  com¬ 
promise  implies  that  there  are  residual  phase  errors. 

The  residual  phase  errors  are  responsible  for  the  typical  triangular 
shape  of  a  torus  radiation-pattern  and  the  widening  of  the  main  beam 
below  the  -12  dB  contour.  Sidelobes  in  the  principal  planes  are  less 
than  -20  dB  but  in  the  45°  plane  are  -14  to  -15  dB.  The  actual  values 
of  the  phase  error  are  proportional  to  the  antenna  dimensions  so  that 
F/D  must  increase  as  0  increases.  There  is  an  upper  limit  to  D  which 

varies  according  to  the  definition  of  what  is  acceptable.  At  100  wave¬ 
lengths,  the  sidelobes  have  not  degraded  beyond  those  levels  quoted  above 

Various  attempts  have  been  made  to  reduce  the  effect  of  the  phase  errors. 
Peeler  and  Archer^  found  that  an  alternative  generating  curve  of  ellipti¬ 
cal  form  could  be  used  which  gives  zero  phase  error  along  planes  through 
the  rotation  axis  and  at  ±10°  to  the  symmetry  axis.  The  sidelobes  in  the 
45°  plane  were  reduced  to  below  -18.5  dB. 


Another  attempt  to  reduce  the  phase-error  effect^  was  based  upon  the 
use  of  a  single  large  feed-horn  flanked  by  two  smaller  elements,  which 
were  fed  through  a  phasing  network.  The  radiation  from  this  struc¬ 
ture  was  adjusted  such  that  the  phase  front  formed  across  the  reflector 
by  the  feed  unit  cancelled  the  inherent  phase  errors  of  the  torus.  All 
sidelobes  were  reduced  to  below  -22  dB. 

The  backlobe  and  spillover  lobe  of  the  torus  may  be  estimated  in  the 
same  way  as  for  a  paraboloid  reflector  and  are  likely  to  be  of  the  same 
order  as  those  for  paraboloids  of  similar  focal  lengths  and  diameters. 

Clearly  this  reflector  has  problems  with  close-in  sidelobes  and  will 
never  approach  levels  of  -40  dB  with  reasonable  F/D  ratios.  As  an 
example,  for  F/D  -  2.5  the  phase  error  varies  more  than  ±  2n  10  ^/\ 
radians  over  the  antenna  aperture.  At  F/D  ■  1.0,  the  phase  error  varia¬ 
tion  is  30  times  greater  (see  also  Ref. 7). 

In  its  favour,  however,  it  must  be  said  that  the  parabolic  torus  is  an 
excellent  scanning  antenna  and  will  scan  over  120°  without  serious 
degradation  in  the  radiation  pattern. 

* 

5. A  Lens  Antennas 


5.4.1  Discussion 

A  useful  discussion  of  the  practical  implications  of  lens  theory  is 

given  by  Silver^.  Although  there  is  a  large  amount  of  more  recent 

literature,  most  published  work  has  concentrated  on  the  implementation  of 

lens  systems  and  not  particularly  on  advancements  in  the  theory,  although 

2 

a  recent  dissertation  on  theory  has  been  given  by  Brown  . 

A  microwave  lens  serves  the  same  function  as  an  optical  lens  in  that  it 
collimates  the  energy  and  thus  modifies  the  radiated  phase  front.  It  is 
often  used  in  the  aperture  of  a  horn  to  correct  a  spherical  phase-front 
and  can  thereby  lead  to  a  substantial  decrease  in  the  length  of  the  horn. 
It  can  be  used  to  produce  shaped  beams  in  addition  to  pencil  beams  and 
can  perform  most  of  the  functions  of  a  reflector  with  the  advantage  of 
no  blockage  and  less  stringent  surface  and  positioning  tolerances. 


If  utilised  to  provide  low  sidelobe  levels,  a  lens  would  be  fed  by  a 
suitable  primary-feed,  providing  a  circularly  symmetric  illumination 


(Fig. 5. 4-1).  The  aperture  field  on  the  far  side  of  the  lens  from  the 
feed  would  then  be  tapered  by  the  sum  of  the  feed  taper  and  the  taper 
introduced  by  the  curvature  of  the  lens  itself. 

If  P(8)  is  the  power  radiated  per  unit  solid  angle  from  the  feed  horn, 
at  an  angle  0  to  the  axis  then: 

P(r)  r  dr  •  P (0)  sin  8  d0  (28) 

where  P(r)  is  the  power  per  unit  area  in  the  lens  aperture  at  a  distance 
r  from  the  axis.  This  ignores  transmission  losses  through  the  lens, 
which  for  a  dielectric  are  greater  on  axis  than  at  the  periphery,  and 
also  losses  due  to  reflection  at  the  refracting  surface.  The  differen- 
tial  ^  is  a  function  of  lens  geometry  and  can  add  to,  or  subtract  from, 
the  illumination  taper  depending  on  the  precise  shape  of  lens  chosen. 

Summarising, therefore,  the  piano-hyperbolic  lens  will  increase  the  edge 

taper  by  several  decibels;  the  two-surface  lens,  with  one  surface 

spherically  centred  on  the  focus,  will  decrease  the  taper,  again  by 

several  decibels;  while  the  two-surface  lens,  which  gives  refraction  at 

dd 

both  surfaces,  may  be  of  either  type,  and  the  value  of  may  be  used  to 
determine  the  surface  equations  of  the  lens. 

The  first  lens  type  referred  to  above  is  much  used  in  conjunction  with 
shortened  horns  to  improve  their  characteristics.  The  last  type,  though 
it  is  by  far  the  most  difficult  to  manufacture,  is  the  most  popular 
because  it  allows  most  freedom  in  design.  For  instance,  it  is  possible 
to  design  such  a  lens  with  much  better  scanning  properties  than  an  axi- 
symmetric  reflector  of  the  same  F/D  ratio**.  A  lens  with  two  refracting 
surfaces  has  considerable  advantages  in  matching  since  a  lens  with  one 
refracting  surface  will  throw  back  a  considerable  amount  of  power  into 
the  feed. 

Lenses  are  generally  used  for  scanning  or  multiple  beam  systems  and  there 
fore  F/D  ratios  of  around  unity  are  used.  Gain  loss  and  coma  lobe  for 
off-axis  positions  in  a  lens  optimised  for  on-axis  performance  are  the 
same  as  for  an  equivalent  reflector  (i.e.,  see  Section  5. !.*•).  Axial 
displacements  tend  to  be  less  critical  with  the  lens  since  the  large 
focal-length-to-diameter  ratio  of  a  practical  lens  maV.es  it  less  sens)- 
tive  in  this  respect. 
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Surface  tolerances  are  also  less  stringent  with  a  lens,  since  the  rms 

errors  in  each  surface  are  likely  to  be  independent  and  there  is  also  a 

reduction  in  effect  due  to  the  dielectric  constant.  If  the  rms  surface 

error  in  a  reflector  is  $,  then  for  the  same  degradation  in  performance 

26 

the  rms  surface  tolerances  for  a  lens  can  be  — -tt  where  e,  is  the 

/F  |/e  -1 1]  r 

relative  dielectric  constant.  ' 


There  are  two  types  of  lens  which  are  of  particular  interest  in  antenna 

work;  the  solid  'dielectric*  type,  with  relative  dielectric  constant 

greater  than  unity  and  the  'waveguide',  or  'parallel  plate'  type,  where 

the  effective  dielectric  constant  is  less  than  unity.  Either  class  may 

2  3 

also  include  artificial  dielectrics  *  .  The  difference  in  sidelobe  per¬ 
formance  is  not  notable  and  similar  problems  arise,  in  that  for  a  large 
aperture  diameter  the  mass  is  often  high.  Also,  the  insertion  loss  tends 
to  be  high  and  in  some  cases,  the  loss  due  to  mismatch  may  also  be 
significant. 

1  2  4 

The  mass  of  the  lens  may  be  considerably  decreased  by  'zoning'  ’  ’  .  In 
this  process,  rings  of  material,  which  are  multiples  of  A/|/e-l|,  are 
removed  from  the  lens.  This  procedure  has  the  disadvantage  that  the 
steps  in  the  lens  surface  will  scatter  radiation  at  wide-angles  from  the 
boresight^.  An  increase  in  cross-polarised  radiation  is  also  likely. 
Zoning  tends  to  affect  off  axis  scanned  beams  to  a  greater  extent  than 
the  bores ight  beam.  It  does  also  improve  the  bandwidth  to  about  10%  for 
a  waveguide  lens.  For  a  dielectric  lens,  however,  the  bandwidth  has  been 
quoted  as  %,  where  N  is  the  number  of  zones.  A  large  F/D  ratio  will 
decrease  the  number  of  zones  since  the  lens  will  be  less  thick,  and  this 
will  effectively  increase  the  bandwidth.  However,  for  a  given  F/D,  the 
zoned  bandwidth  will  decrease  with  aperture  size.  It  should  be  loted 
in  this  context  that  reflectors  do  not  have  this  limitation  and  in  the 
case  of  a  reflector  the  bandwidth  is  likely  to  be  set  by  the  primary  feed. 

The  insertion  loss  of  a  dielectric  lens  will  depend  on  the  loss  tangent 

of  the  dielectric  itself,  and  may  be  as  much  as  1  dB.  The  variation  in 

insertion  loss, across  the  aperture  of  a  zoned  lens  designed  for  low 

sidelobe  levels,  will  cause  amplitude  ripples  in  the  aperture  field,  which 

will  lead  to  ill-defined  nulls  and  degraded  sidelobes.  The  effect  acts 

c 

as  a  form  of  aperture  blockage  . 
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A  serious  problem  is  that  of  matching  the  iens  if  one  surface  is  non¬ 
refracting.  This  can  be  control  led  by  quarter-wave  matching^’^  though 
problems  arise  when  two  orthogonal  linear  polarisations  are  required  as 

the  matching  will  have  to  be  a  compromise.  If,  however,  only  one  linear 

g 

polarisation  is  required,  the  VSWR  can  be  reduced  from  1.5  to  1.25  over 
35-40  GHz  though  spot  values  approach  1.05.  Several  methods  are  available 
which  all  depend  on  surfacing  the  lens  with  a  quarter  wavelength  thick¬ 
ness  of  a  material  of  dielectric  constant  Jtg  where  er  and  eQ  are 
respectively  the  dielectric  constants  of  the  lens  and  the  medium  it  is 
immersed  in.  This  can  be  achieved  by  the  use  of  a  surface  layer  of  a 
second  pure  dielectric  or  by  cutting  grooves  one  quarter  wavelength  deep 
in  the  surface^. 

The  spillover  lobe  for  a  lens  antenna  is  determined  exactly  as  for  a 
reflector  though  it  can  be  eliminated  completely  by  inserting  a  conical 
shroud  lined  with  absorber  between  the  focal  point  and  the  lens.  The 
spillover  power  is  thereby  absorbed  rather  than  radiated,  and  no  reduction 
in  efficiency  need  be  suffered.  An  additional  loss  in  a  lens,  when  com¬ 
pared  with  a  reflector,  is  the  insertion  loss  of  the  lens  itself.  This 
is  a  function  of  the  dielectric  loss  tangent,  the  frequency  and  the  lens 
thickness,  (values  vary  and  can  be  up  to  2  dEi]. 

Theoretical  predictions  of  iens  behaviour  are  rare  and  no  thorough  treat¬ 
ment  of  far-out  radiation  appears  to  have  been  pubtished.  Since  the 
feed  radiation  is  refracted  and  scattered  from  the  rim  of  the  lens,  the 
backlobe  must  be  considerably  lower  than  that  for  a  reflector,  but  little 
relevant  practical  information  has  been  found  in  the  literature. 


Table  5.4.1  gives  examples  of  performance  which  have  appeared  in  the 
literature.  The  information  is  regrettably  sparse  though  from  Mayhan's 
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work  *  ,  lens  antennas  can  give  excellent  performance. 

5.4.3  Conclusions 

The  major  disadvantages  of  lens  antennas  are  the  mass  and  cost  of  manufac¬ 
ture.  Although  the  mass  may  be  decreased  by  zoning  techniques,  this 
process  degrades  the  radiation  performance  and  increases  the  manufacturing 
difficulties.  Small  aperture  lenses  are  very  useful  since  their  far-out 
sidelobes  are  eliminated  by  the  use  of  a  shroud,  but  the  matching 


AAdue  to  zoning 

plus  shroud;  backiobes  are  <-60  dB 


difficulties  require  that  either  a  lens  with  two  refracting  surfaces  is 
used  (which  is  more  expensive  than  a  plano-convex  lens)  or  that  special 
matching  techniques  be  employed,  which  again  increase  the  cost.  In  any 
case,  the  bandwidth  is  limited  by  the  lens  itself  and  values  of  more 
than  10%  are  rare.  The  zoning  of  a  lens  required  for  apertures  greater 
than  15  A  will  have  a  deleterious  effect  on  the  cross-polarisation  values 
as  well  as  the  far-out  sidelobes. 

The  major  application  of  large  aperture  lenses  is  to  the  field  of  multiple 
beam  antennas  where  the  long  F/D  and  total  lack  of  blockage,  even  when 
many  feeds  or  even  a  large  phased  array  feed  are  employed,  become  posi¬ 
tive  advantages.  The  ability  of  the  lens  with  two  refracting  surface  to 
scan  over  wide  angles  with  less  degradation  than  the  equivalent  reflector 
is  also  a  positive  advantage. 

However,  the  far-out  and  backlobe  performance  of  a  lens  system  does  not 
appear  to  have  received  much  attention  in  the  published  literature. 

Hence,  although  a  lens  avoids  aperture  blockage  effects,  and  thus,  in 
principle,  offers  good  sidelobe  suppression  properties,  its  practical 
potential  is  somewhat  less  attractive.  The  cross-polar  performance  of 
lens  antennas  also  remains  largely  unknown  and  historically  the  lens 
antenna  has  found  comparatively  few  applications  when  compared  to  the 
ubiquitous  parabolic  reflector. 
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5.5  Array  Antennas 

When  a  number  of  small  radiating  elements  are  combined  to  produce  an  over¬ 
all  radiation-field,  the  resultant  antenna  is  described  as  an  'array'. 

The  array  can  take  a  wide  variety  of  geometries,  including  planar, 
cylindrical,  spherical  or  conical  and  have  either  one  fixed  beam  or,  at 
the  other  extreme,  a  number  of  beams  electrically  scanned  over  a  large 
volume.  They  have  been  used  for  many  applications  from  spaceborne 
communication  antennas  to  missile  search  radars  '  and  have  been  ex¬ 
cluded  from  many  more  on  the  basis  of  their  high  cost  of  implementation. 

Because  there  are  many  controllable  elements  present,  an  array  antenna, 
in  principle,  gives  more  freedom  to  the  designer  to  shape  the  character¬ 
istics  of  the  illumination  function  and  much  lower  sidelobes  should  be 
achievable.  In  practice,  -25  dB  is  readily  (and  frequently)  achieved 
while  near-in  sidelobes  of  -40  dB  are  rare.  Section  5*5.1  deals  with 
the  theoretical  drawbacks  of  producing  an  array  with  good  sidelobe  sup¬ 
pression.  This  includes  the  effects  of  tolerance  errors.  Subsequent 
sections  deal  with  examples  of  specific  array  types  with  emphasis  on  any 
fundamental  bar  to  achieving  low  sidelobes. 

5.5.1  Array  theory 

(i)  Choice  of  i 1 lumination  d istr ibut ion 

Fundamental  theory  is  covered  by  texts  in  Refs. 3 A, 5.  It  has  already 
been  pointed  out  (Section  2.3)  that  cosine-on-a-pedestal  distributions 
for  sidelobe  levels  lower  than  -AO  dB  are  sensitive  to  errors  in  the 
distribution  and  that  Taylor  and  Chebyshev  distributions  are  much  less 
sensitive.  Unlike  a  reflector,  there  is  no  reason  why  a  non-monotonic 
distribution  with  slight  illumination  enhancement  at  the  array  edges 
should  not  be  used.  However,  the  use  of  N  individual  radiating  elements 
only  gives  a  step  wise  approximation  to  the  desired  illumination  function. 
When  H  is  very  large,  the  approximation  will  be  good  and  the  step  wise 
error  function  will  be  negligible.  When  N  is  small,  the  error 
function  will  dominate  and  will  be  worse  for  any  given  value  of  N  as  the 
near-in  sidelobe  levels  are  lowered.  Therefore  a  more  tapered  illumina¬ 
tion  will  be  required.  For  example,  Josefsson^  found  that  for  a  circular 
array  of  52  elements  (approximately  7  x  7)  a  Chebyshev  distribution 
designed  for  -35  dB  sidelobes  could  only  achieve  levels  of  the  order  of-30dB. 
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An  illumination  suitable  (in  theory)  for  -40  dB  sidelobes  was  found 
necessary  to  achieve  levels  of  -35  dB.  This  procedure  obviously  results 
in  lower  aperture  efficiency.  On  the  other  hand,  a  linear  array  of 
49  elements^  produced  a  radiation  pattern  in  excellent  agreement  with 
the  design  level  of  -35  dB. 

An  alternative  method  of  tapering  the  illumination  across  an  array  is  to 
use  an  element  density  taper  where  elements  are  removed,  allowing  the 
average  number  of  elements  per  unit  area  to  decrease  towards  the  peri¬ 
phery  of  the  array.  This  density  tapering  must  be  random  to  avoid  addi¬ 
tional  grating  lobe  problems.  All  the  remaining  elements  are  then  fed 
uniformly.  The  beamwidth  will  be  that  of  a  conventional  array*'.  The 
far-out  sidelobes  do  deteriorate  and  a  computed  example  for  a  50  wave¬ 
length  aperture  had  peak  far-out  sidelobes  of  -32  dB,  about  25  dB  worse 
than  the  theoretical  radiation-pattern  for  a  fully-filled,  but  amplitude 
tapered,  array.  An  example  of  density  tapering  at  12  MHz  (Ref. 19)  which 
also  included  some  resistive  tapering,  had  sidelobes  in  the  -40  to  -50  dB 
range  spread  out  over  much  of  the  forward  hemisphere. 

Various  methods  are  available  to  produce  a  theoretical  synthesis  of  an 

4  21 

antenna  illumination  .  James  discusses  a  computer  programme  which 
chooses  the  phases  and  amplitudes  for  the  elements  of  an  array  when  two 
radiation-pattern  parameters  have  been  specified.  The  two  parameters  are 
the  half-power  beamwidth,  and  the  width  of  the  main  beam  at  the  level 
where  it  equals  the  peak  of  the  first  sidelobe.  Other  programmes  have 
dealt  with  the  reduction  of  the  number  of  array-elements'*  or  of  phase- 
shifters*^.  All  of  .these  techniques  resulted  in  degraded  sidelobe 
performance. 

(I i)  Grating  lobes 

Though  spillover  and  backlobes  are  absent  from  most  array  types,  grating 
lobes  which  occur  In  the  near  and  far-out  regions  must  be  avoided  for 
low  sidelobe  performance.  To  reduce  the  grating  lobe  levels  below  -40  dB 
requires  that  the  first  grating  lobe  is  either  outside  the  range  of  real 
angles,  or  appears  at  an  angle  where  the  individual  rad iating-element 
pattern  is  down  to  at  least  -40  dB.  The  actual  value  of  the  maximum 
permissible  Inter-element  spacing,  which  controls  the  grating  lobe  angle, 
depends  on  whether  or  not  the  array  is  to  be  used  for  wide  angle-scanning. 
The  larger  the  s  en  angle,  the  closer  the  spacing.  In  the  limit  the 
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inter-element  spacing  must  be  reduced  to  0.5  wavelengths.  However  at 
wide  angles  from  boresight,  the  array  aperture  is  foreshortened  with  a 

resultant  drop  in  gain  and  if  the  maximum  scan-angle  is  restricted  to 

o  o 

±45  ,  the  required  element  spacing  will  be  0.6  wavelengths^  (Fig. 5. 5*3). 

This  spacing  assumes  a  regular  rectangular  grid  of  radiating  elements. 

The  use  of  such  a  small  element  spacing  does  have  disadvantages.  The 

polarisation  purity  of  an  array  is  determined  by  the  characteristics  of 

the  individual  array  element.  Were  it  feasible,  an  element  of 

aperture  3-4  wavelengths  would  offer  advantages  because  such  a  size  would 

reduce  mutual  coupling  to  a  low  level  and,  for  rectangular  waveguide 

elements,  cross-polarisation  degradation  would  also  be  small.  It  is 

known10  that  mutual  coupling  can  have  deleterious  effects  on  polarisation 

performance  and  for  smaller  (practical)  array  elements  this  can  be  a 

problem. 

An  alternative  method  of  reducing  grating  lobes  while  increasing  the 
size  and  spacing  of  the  array  elements  involves  arranging  large  elements 
in  a  two  dimensional  lattice  with  a  variable  spacing11.  Figure  5.5-4  shows 
the  permissible  element  area,  as  a  function  of  the  maximum  scan-angle. 

A  rectangular  lattice  curve  would  lie  below  that  of  the  triangular  lat¬ 
tice.  This  figure  also  shows  that  the  aperiodic  circular  arrangement  is 
advantageous  for  small  scan  angles,  but  unfortunately  it  produces 
vestigial  grating  lobes  within  the  real  range  of  spatial  angles  (Fig.5.5-5). 
Not  only  is  this  unsatisfactory  but  such  a  two-dimensional  array  would  be 
difficult  to  use  with  a  tapered  illumination  due  to  the  complexities  of 
the  feed  network. 

A  method  limited  in  its  application  but  which  does  remove  grating  lobes 
is  to  add  a  series  of  layers  of  dielectrics  to  the  top  of  a  planar 
array  .  This  was  developed  for  a  limited-scan  antenna  comprised  of 
large  aperture  elements,  where  grating  lobes  typically  arise.  However, 
this  results  in  a  narrow  band  device  and  is  likely  to  suppress  the  first 
grating  lobe  and  leave  others  unaltered. 

(iii)  Hutual  coupling 

Apart  from  its  degrading  effects  on  the  polarisation  performance,  mutual 

coupling  can  be  accommodated  and  allowed  for  by  numerical  techniques 
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during  the  design  of  the  array  ’  ’  .  Edge  effects  can  also  be  avoided 
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by  the  use  of  dummy  elements  at  the  array  edge^'  A  more  difficult 

13 

effect  to  eradicate  is  'reverse  coupling'  in  which  power  is  reflected 
within  the  feed  and  transferred  to  other  feed  lines,  thence  to  other 
feed  elements.  This  results  in  a  significant  degradation  in  sidelobe 
performance  and  isolated  side  lobes  rise  above  design  levels.  If  the 
array  feed  network  is  constructed  in  a  regular  format,  this  'reverse 
coupling'  gives  errors  which  are  more  correlated  than  random  and  there¬ 
fore  sharply  frequency-dependent.  It  can  be  eliminated  completely  by 
using  a  feed  network  containing  directional  couplers. 


Amplitude  and  phase  errors 


Random  errors  in  amplitude  and  phase  are  inherently  more  likely  to  occur 

in  an  antenna  system  where  large  numbers  of  small  units  are  used  and  the 
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topic  has  been  studied  by  many  workers.  *  "  There  is  a  large  body 
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of  experimental  evidence  available  to  supplement  this.  Rondinelli 
treats  the  problem  of  loss  of  gain  and  beam  pointing  errors,  but  in  the 
present  context  these  will  be  neglected  in  comparison  with  the  effect  of 
errors  on  the  near-in  sidelobes.  Elliot^  expresses  the  mean  rise  in  side- 
lobe  level  as: 

A  <  10  log1Q  |l  +  10S/10[k2(af  +  2o^)+  2f2](£)j»  (29) 

where 


Oj  »  rms  phase  variation  due  to  constructional  errors 

and 

o 2  *  rms  phase  variation  due  to  alignment  errors 
f  •  normalised  rms  current  variation 
S  *  design  sidelobe  level  in  dB  (expressed  positively) 
k  -  2tt/A 

D  ■  directivity  of  the  array 


Inspection  of  this  equation  shows  that  as  the  array  size  increases 
(0  increasing)  A  decreases;  on  the  other  hand  A  increases  as  the  design 
sidelobe  level  is  lowered  (Fig.5.5~6). 

G 1  adman discusses  the  error  sidelobes  (Fig. 5. 5-7)  and  the  fall-off 
with  angle.  Again  a  large  array  can  tolerate  a  larger  error  in  phase 
and  amplitude. 


Mechanical  errors  generally  result  in  irregular  spacings  in  the  array^ 
and  as  such  produce  phase  errors.  The  effects  of  displacement  errors  in 
a  line-fed  array,  where  each  element  is  connected  to  the  generator  by  a 
transmission  line  of  unaltered  length  is  shown  in  Fig.5.5~8.  From  a 
knowledge  of  the  mean  scattered  field,  the  effects  of  these  errors  on  the 
design  radiation  pattern  may  be  calculated.  An  optically  fed  array,  i.e., 
a  two-dimensional  array  irradiated  by  a  source  gives  a  mean  scattered 
field  6  dB  lower  than  a  line-fed  array,  and  the  reduction  in  gain  is  one 
quarter  for  the  same  positional  error.  To  keep  the  scattered  field  below 
-40  dB,  the  error  in  spacing  must  be  less  than  0.00275  (1°  of  phase) 

and  must  be  less  than  0.01  for  sidelobes  of  -30  dB  (3.6°  of  phase),  ap 
Rhys1^  shows  the  radiation  pattern  for  a  Chebyshev  distribution  which 
should  have  led  to  sidelobes  of  -40  dB.  Random  phase  errors  having  a 
peak  value  of  5°  degraded  the  level  to  -33  dB.  A  further  example,  given 
by  Imbriale1^,  is  concerned  with  the  degradation  in  sidelobes  as  progres¬ 
sively  fewer  bits  are  used  when  a  digital  phase-shift  system  is  used  to 
scan  the  beam  (Table  5 .5.1).  The  aperture  taper  remains  constant. 

Table  5.5.? 


Sidelobe  level  of  a  61  element  phased  array  vs  number  of  gits 
in  the  phase  shifters  when  the  beam  is  scanned  to  ±8.3 


I  o 

Another  example  is  the  RASSR  (reliable  advanced  solid  state  radar)  array 
where  the  illumination  was  given  a  Taylor  distribution  aimed  at  first 
sidelobes  of  -45  dB.  Due  to  the  small  number  of  elements  (205)  the  first 
sidelobe  would  have  been  -37  dB  but  the  rms  phase  and  amplitude  errors 
were  19°  and  0.8  dB  respectively,  giving  a  final  level  for  the  near- in 
sidelobes  of  -30  dB. 

As  an  example  of  what  can  be  achieved  with  good  design,  Strider's  planar 

20 

array  at  56  GHz  may  be  cited  .  The  10  element  array  had  a  Dolph- 
Chebyshev  distribution  designed  to  give  first  sidelobe  level  of  -25  dB. 

The  agreement  between  prediction  and  measurement  is  within  2  dB  over  the 
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first  five  sidelobes  though  the  measured  values  are  always  greater 
( F i g - 5 - 5~9) •  Other  designs  cited  by  the  same  author  for  less  stringent 

sidelobes  had  better  agreement.  The  positional  tolerances  were  less 
than  2°  rms  which  fits  reasonably  well  with  data  from  F ig . 5 . 5“8 . 

(v)  Feed  networks 

An  important  part  of  an  array  is  the  feed  network,  which  may  fall  into 
two  basic  categories,  constrained  feeds  and  optical  feeds. 

Constrained  feeds  employ  transmission  lines  between  the  central  input 

and  each  element  of  the  array  (Fig. 5. 5-10) .  Several  designs  are 
24 

available  .  Close  control  over  the  amplitude  applied  to  each  element 

is  available  but  care  must  be  taken  to  avoid  multiple  mismatches  and  the 

use  of  narrow  band  components.  Directional  couplers  or  similar  junctions 

are  essential  in  low  sidelobe  design  to  avoid  the  effects  of  'reverse 

coupling’.  Since  the  size  and  complexity  of  the  network  increases  with 

the  array  aperture,  the  insertion  loss  also  increases.  When  the  aper- 

24 

ture  and  the  number  of  elements  becomes  large,  a  space  feed  may  be 
more  economical  in  mass,  cost  and  insertion  loss  (Fig. 5.5-1 1) .  It  may 
be  either  a  ref lect-array  or  of  the  transmission  lens  type.  The 
primary-feed  is  responsible  for  the  array  illumination  and  since  this 
cannot  reproduce  the  non-monotonic  illumination  tapers  required  by  Taylor 
or  Chebyshev  functions,  the  first  sidelobes  are  at  best  -40  dB.  This 
may  be  improved  by  employing  a  complex  of  several  feed  horns  at  the  primary 
focus  though  this  requires  a  treatment  of  near-field  diffraction.  Care 
must  be  taken  not  to  increase  the  spillover  loss.  The  spillover  lobe  is 
that  part  of  the  primary  feed  radiation  which  escapes  past  the  array 
edge  and  its  size  may  be  calculated  exactly  as  in  the  reflector  case. 

For  small  apertures,  the  level  is  high  as  is  the  associated  spillover 
loss.  This  is  likely  to  make  the  total  loss  greater  than  the  insertion 
loss  for  a  constrained  feed.  The  lower  limit  in  aperture  diameter  for  an 
optical  feed  is  difficult  to  specify  but  is  around  15-20  wavelengths. 

The  spillover  lobe  can  be  eliminated  by  the  use  of  an  absorber  lined  cone 
between  focus  and  array.  However,  the  amplitude  distribution  may  be 
altered  by  this.  The  forward  loss  due  to  spillover  will  be  unchanged. 


For  reflect  arrays  there  is  the  additional  problem  of  blockage  together 
with  all  the  associated  degradation  (see  Section  5.1) • 


One  other  problem  arises  with  space  feeds,  that  of  volume  occupied  since 
F/D  ratios  of  unity  are  generally  employed.  With  a  constrained  feed, 
the  depth  occupied  may  be  as  little  as  10%  of  the  aperture  diameter. 

There  are  hybrid  forms  of  feed  network  such  as  the  Rotman  lens  and  the 
R-2R  lens  which  economise  a  little  on  occupied  volume  (see  Section  5-5.3) • 

The  final  choice  of  network,  wil 1  depend  on  application,  taking  into 
account  not  only  insertion  loss  and  errors  in  the  array  but  also  mass, 
power  and  cost. 

For  a  fixed  beam  system  (which  does  not  require  phase  shifters),  the 
commonest  network  has  been  the  constrained  feed  due  to  the  economy  in 
volume  and  construction  but  other  types  of  network  can  be  used  (see 
Section  5.5-3) - 

If  electronic  scanning  of  the  beams  is  required,  then  a  variable  phase 
shifter  must  be  introduced  behind  each  array  element  in  the  network  (see 
Section  5-5-2).  Each  type  of  network  has  advantages  and  disadvantages. 
Table  5-5-2  lists  some  of  these  where  low  sidelobe  performance  is  of 
major  interest. 


-  183  - 


Table  5.5.2 


Advantages  and  d isadvantages  of  feed  network  types  for  very 
low  sidelobe  performance 


Advantages 

Disadvantages 

Constrained  type 

Aperture  illumination  can  be 
carefully  tailored. 

Low  volume. 

Suitable  wide  angle  scanning. 

Require  D  >  10  X 

Matching  important; 

Bandwidth  important; 

Transmission  losses  high  and 
increase  with  D. 

Optical  type 

Spillover  loss  1-2  dB  causes  far- 
out  sidelobes. 

Suitable  for  limited  scan. 

High  volume. 

Require  D  >  20  X. 

Ref lect-array  has  blockage. 

Illumination  not  so  amenable  to 
adjustment. 

- 

Less  susceptible  to  position¬ 
ing  errors  than  above. 
Transmission  loss  low. 

Semi -cons trained 

1 1 lumination  not  so  amenable  to 
adjustment. 

Medium  volume. 

D  >  15  X. 

Transmission  loss  low. 

Wide  angle  scanning. 

5-5.2  Phased  arrays 

In  this  sections  we  shall  consider  arrays  where  the  beam  is  scanned  by 
switching  of  phase-shifters.  The  problem  of  phase-shifter  choice  is 
beyond  this  report,  insertion  losses  of  0.7-1. 5  dB  are  common  over  the 
frequency  range  5*50  GHz,  though  a  recent  development  termed  'spiraphase1 
which  is  incorporated  in  a  reflect  array  can  give  insertion  losses  of 
less  than  0.5  dB  at  L  band.  The  loss  appears  to  be  linear  with  frequency 
which  is  a  disadvantage  but  further  work  in  this  element  may  improve  its 
already  good  performance 

Phased  arrays  may  incorporate  any  of  the  feed  network  types  discussed  in 
Section  5.5.1.  The  present  investigation  is  limited  to  linear  or  planar 
arrays^or  the  following  reasons. 
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Spherical  or  cylindrical  arrays  can  scan  a  beam  over  360°  without  change 
of  electrical  characteristics  as  the  aperture  is  not  foreshortened  or 
changed  in  aspect  relative  to  the  radial  boresight  direction.  A  specie 
switching  network  is  required  to  scan  the  beam  and  the  excitation  ampli¬ 
tude  on  any  individual  element  must  also  be  altered.  The  amplitude  taper 
across  the  active  region  is  limited  to  a  taper  of  -7  to  -10  dB  (Ref. 27, 28) 
in  order  to  avoid  the  substantial  errors  in  phase  and  amplitude  of 
excitation  which  are  involved  in  this  switching  process.  First  sidelobes 
are  at  best  -22  dB  for  a  spherical  array.  Because  of  the  complex  switch¬ 
ing  network,  losses  tend  to  be  high  at  around  10  dB.  Examples  of  such 

28 

arrays  are  given  by  Provencher  . 


If  a  cylindrical  array  of  equally  spaced  elements  is  considered  where 
half  of  the  cylinder  is  energised  simultaneously,  the  outer  elements  in 
the  projected  aperture  will  be  more  closely  spaced  J  than  the  central 
elements.  The  resulting  inverse  taper  has  to  be  compensated.  Compared 
with  a  planar  array  of  the  same  aperture  and  sidelobe  level,  a  cylindri¬ 
cal  array  will  have  a  reduced  efficiency  since  it  will  require  a  steeper 
taper.  A  spherical  array  will  be  even  less  efficient  and  a  cylindrical 
array  appears  to  be  capable  of  slightly  better  performances  than  a 


spherical  array. 


achieved 


29,30,31 


Near- in  sidelobe  levels  of  -25  to  -30  dB  have  been 


Other  conformal  arrays  such  as  those  distributed  round  a  conical  surface 
have  the  same  defects.  For  instance,  an  array  distributed  round  a  cone 
and  having  a  taper  of  -20  dB  had  first  sidelobe  levels  of  -21  dB  (Ref .32) 
The  cross-polarisation  varied  in  a  complex  way  with  scan  angle  and  fre¬ 
quency.  Peak  values  were  approximately  -22  dB  (see  also  Ref. 33) • 

34 

An  interesting  exception  is  the  Dome  Antenna  where  an  electronically 
scanned  planar  array  is  combined  with  an  optica)  type  lens  in  the  shape 
of  an  hemisphere  of  passive  modules.  Each  module  in  the  dome  consists  of 
a  collector,  a  fixed  phase  delay  and  a  radiator.  It  is  possible  to  scan 
the  beam  to  110°  off  the  boresight  of  the  planar  array.  However,  the 
illumination  in  the  models  so  far  constructed  results  in  sidelobe  suppres 
sion  of  only  18  to  20  dB.  These  values  do  not  vary  much  with  scan  angle. 
It  is  not  clear  if  the  illumination  could  be  more  tapered  to  give  better 
sidelobes.  The  Dome  Antenna's  great  advantage  as  a  wide  scan  angle 
device  is  that  no  switching  network  is  involved  and,  therefore,  errors 
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and  insertion  losses  are  smaller.  It  does  appear  to  have  a  high  level 
of  spurious  radiation  (around  -32  dB)  over  a  large  angular  range,  ^90° 
from  boresight.  Measured  average  cross-polarisation  was  -37  dB. 

Table  5*5.2  lists  details  of  some  planar  arrays  constructed  with  low 

37 

sidelobes.  The  most  detailed  calculations  of  the  losses  which  are  for 
a  lens  array  breaks  down  the  losses  as  1  dB  for  each  phase-shifter, 

1  dB  for  microwave  transmission  losses  and  2.**  dB  for  the  combination 
of  spillover  loss,  the  effects  of  3  bit  phase  shifting  errors  in  ampli¬ 
tude  and  phase  and  also  element  mismatch. 

The  aperture  efficiencies  quoted  are  the  antenna  efficiency  without 
losses  due  to  phase-shifters  or  transmission  lines.  Low  sidelobe  level 
does  not  automatically  correspond  to  low  efficiency.  On  the  other  hand, 
system  efficiencies  are  low  at  less  than  501.  The  major  advantage  of 
such  phase— scanning  arrays  is  that  at  wide  angles  off  boresight,  the 
degradation  in  performance  is  small  though  gain  is  reduced  due  to 
aperture  foreshortening. 

Any  wide  angle  scanning  array  employing  electronic  phase-shifters  has 
limited  bandwidth^  since  such  phase-shifters  have  constant  value  over 
the  band  while  the  amount  of  phase-shift  required  between  elements  for 
a  fixed  scan  angle  is  a  function  of  the  wavelength.  At  45°  off  boresight, 
the  phase  change  is  5.73°  for  a  10%  change  in  bandwidth.  For  low  side- 
lobe  design,  this  is  not  supportable;  therefore  for  a  sidelobe  level  of 
-40  dB  and  scanning  to  ±45°,  a  5%  bandwidth  would  be  the  maximum.  The 
use  of  time  delays  instead  of  phase-shifters  would  be  required  if  the 
bandwidth  were  to  be  larger.  These  are  inconvenient  to  use  in  large 
numbers  and  have  high  insertion  losses.  However  a  more  usual  requirement 
is  an  operational  bandwidth  of  10%  with  an  instantaneous  bandwidth  of 
perhaps  1%  in  which  case  the  pnase  settings  can  be  altered  to  be  suitable 
for  the  bandwidth  in  use. 
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Table  5.5.2 


Details  of  constructed  scanning  arrays 


Frequency  (GHz) 

9.5 

16.5 

- 

19.35 

9.3 

Bandwidth  (%) 

8.5 

6 

- 

1 

Array  network 

Reflect 

Reflect 

Lens  array 

Waveguide 

Waveguide 

type 

array 

array 

slot 

slot 

Scan  angle  (degs) 

±65 

±40 

±45 

±40 

±45 

Planar  or  linear 

Planar 

Planar 

Planar 

Linear 

Linear 

No.  of  beams 

i 

1 

1(7) 

l 

1 

Aperture  (X) 

29 

12 

41 

54 

No.  of  elements 

2400 

271 

4300 

103 

Element 

arrangement 

Triangular 

Triangular 

Triangular 

Linear 

Element  spacing 

(x) 

0.61 

0.7 

0.676 

0.52 

Taper  (d  B) 

-14 

-10 

Taylor 

-22 

Predicted  side- 
lobe  (dB) 

-25 

-27 

-34 

-40 

Achieved  side- 
lobe  (dB)  bore- 
sight 

-26 

-27 

-34 

-25 

-42 

Achieved  sidelobe 

-23 

-18 

-28 

-15 

-38 

(dB)  at  scan 
extremity 

Aperture  effi¬ 
ciency  (%) 

46 

40 

43.7 

51 

Total  effi¬ 
ciency  ($) 

37 

25 

• 

25 

Insertion  loss 

1 

<2 

3.6 

1.7 

3 

(dB)  total 
Phase-shifter  (dB) 

1 

<2 

1 .2 

Network  loss  (dB) 

Cross-polari¬ 
sation  (dB) 
Accuracy  (rms) 

-25 

-25 

Amp  (dB) 

Phase (degrees) 

±8 

±6 

±3 

No.  of  bits 

2 

Analogue 

3 

Analogue 

VSWR 

<1.2 

<1.3 

1 

■■ 

Far-out  sidelobes 

<-36 

-33 

Mill 

>-30 

At  angle? (degrees) 

>60 

>60 

ill  I 

0-90 

Ha  If -power 
beamwidth  (degs) 

2.5 

5.8 

1.2 

1.4 

Reference 

35 

36 

37 

38 

12 

2  (Contd.) 
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Details  of  constructed  scanning  arrays 


Frequency  (GHz) 
Bandwidth  (%) 

Array  network  type 


Scan  angle  (degrees) 
Planar  or  linear 


10(?) 

? 

Divider 

network 

±^7 

Planar 


9. 2-9.5 
3 

IF  manifold 

±40 

Planar 


55 

10 

Paral lei 

plate 

lens 

±60 

Linear 


3 

II 

Lens  6  32 

element 

feed 


No.  of  beams 
Aperture  (X) 

No.  of  elements 
Element  arrangement 
Element  spacing  (X) 
Taper  (dB) 


K?) 

? 

4000 

Triangular 

0.6 

Taylor 


1 

24 

824 

Triangular 

0.745 

Taylor 


l 

48 

84 

Linear 

0.57 

-26.8 


Taylor 


Predicted  sidelobe  (dB) 
Achieved  sidelobe  (dB) 
Aperture  efficiency  (%) 
Total  efficiency  (%) 
insertion  loss  (dB) 
total 

Phase-shifter (dB) 


-23 

-25 


-45 

-38 

64 


** 


■35 

-27 


1.5 


<0.9 


-36 

-35 

70 


0.6 


Network  loss  (dB) 
Cross-polarisation  (dB) 
Accuracy  (rms) 

Amp  (dB) 

Phase  (degrees) 

No.  of  bits 


0.2 


±5 

5 


smal  1 


±0.8 

±19 

k 


3.7 


VSWR 

Far-out  sidelobes  (dB) 

At  angle?  (degrees) 

Half-power  beamdwidth 
(degrees) 

Reference 


1.35 

<-50 

>±50 


39 


1.2 

2.9 

18 


1.2 

1.6 

40 


3.25 

45 


The  network  was  at  IF.  The  RF  front  ends  had  therefore  to  be 
^stabilised  in  amplitude  and  phase. 

All  other  sidelobe  <-35  dB. 


There  are  some  feed  networks  in  which  it  is  possible  to  produce  simul¬ 
taneous  multiple  beams  with  cross-overs  at  -4  dB.  Such  a  feed  network 

provides  a  series  of  uniform  aperture  distributions  which  are  success- 

41  42 

ively  tilted  so  as  to  form  beams  displaced  by  one  beamwidth  *  .  The 

42 

Butler  matrix  requires  a  large  number  of  directional  couplers  and 
phase-shifters  and  generally  gives  a  uniform  illumination  across  the 
array.  If  a  tapered  distribution  is  used,  the  beams  are  widened  and  no 
longer  cross-over  at  4  dB. 

43 

Stein  has  dealt  with  the  losses  incurred  in  a  passive  array  when 
several  different  illuminations  are  employed.  For  instance,  a  function 
of  the  form  |l  -  -  1 ,  2  or  3  for  a  circular  aperture  of  radius  a 

and  radius  variable  r,  reduces  the  antenna  radiation  efficiency  by  10-30% 
depending  on  the  number  of  beams.  This  is  due  entirely  to  beam  coupling 
factors  and  the  reduction  in  aperture  efficiency  due  to  using  such  a 
taper  has  still  to  be  taken  into  account. 

The  transmission  line  losses  increase  with  aperture  size  and  number  of 
beams  as  do  the  effects  of  any  mis-matches  and  phase  errors. 

Other  forms  of  passive  array  include  the  Luneberg  lens  which  in  its  three 
dimensional  form  is  too  large  and  has  an  inverse  illumination  which  can¬ 
not  be  adjusted,  and  various  geodesic  lens  types  which  are  a  little 

44 

smaller  but  have  the  same  problem  with  illumination  .  The  two  dimen¬ 
sional  forms  are  more  compact  but  the  beam(s)  may  only  be  scanned  in  one 
plane. 

45 

There  are  also  the  Rotman  lens  and  R-2R  lens  type  .  Both  of  these  are 

large  in  size.  The  Rotman  lens  is  similar  to  the  2D  Luneberg  lens,  while 

the  R-2R  lens  is  bulkier  because  it  is  a  3D  structure.  The  Rotman  lens 

consists  of  a  parallel  plate  region  fed  by  coaxial  probes  along  two 

opposing  faces  and  RF  cables  connect  the  output  ports  to  the  elements  of 

45 

the  antenna  array.  Archer  used  prir'.ed  circuit  techniques  which 
reduced  the  lens  size  by  ~  |er  is  the  relative  dielectric  constant  of 

the  board j.  Although  there  are  no  comments  on  the  taper  employed,  side- 
lobes  were  about  -22  dB  and  reduced  below  -34  dB  by  summing  several  beams 
Beams  could  be  formed  over  a  cone  of  semiangle  45°. 
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Similarly  an  R-2R  lens  has  been  quoted  with  sidelobes  less  than  -30  dB 

at  3.2  GHz.  Insertion  losses  have  not  been  quoted  for  any  of  these 

designs.  Most  of  the  loss  will  be  in  the  transmission  lines  rather  than 

in  the  parallel  plate  regions.  However,  the  junctions  will  be  lossy  and 

45 

there  will  be  some  mutual  coupling  between  probes.  Archer  claims  that, 
unlike  the  phased  arrays  of  Section  5-5.2,  the  sidelobe  performance  does 
not  fall  off  with  increasing  scan  angle  since  there  are  no  phase-shifters 
involved.  The  gain  is  of  course  still  reduced  by  aperture  foreshortening. 

5.5.4  Flat  plate  arrays 

In  an  attempt  to  reduce  the  mass  and  volume  of  arrays,  considerable 
attention  has  been  given  to  flat-plate  arrays  which  include  stripline  and 
similar  types. 

Several  authors  have  dealt  with  the  design  of  the  element*4^  Many 

of  these  are  arrayed  in  designs  with  poor  sidelobes  (of  the  order  of 
-10  dB)  but  a  few  examples  with  sidelobes  better  than  -20  dB  are  detailed 
in  Table  5-5.3.  Good  reviews  are  given  by  Munson^2  and  by  Hall  and  James5® 
who  emphasise  the  need  to  over— design  for  good  sidelobe  performance. 

A  few  general  conclusions  can  be  drawn  from  this  limited  sample: 

-  large  aperture  arrays  have  not  been  attempted,  possibly  for 
mechanical  stability  reasons. 

-  small  apertures  in  microstrip  can  produce  good  performance 
equivalent  to  that  generated  by  other  methods. 

-  losses  are  not  noticeably  higher. 

-  scanning  is  rare  and  has  been  limited  to  one  dimension  an  I  phase- 
shifters  have  been  avoided,  presumably  because  of  integration 

problems. 

It  Is  also  possible  to  construct  a  flat  plate  array  from  MIUC  (Microwave 
Image  Line  for  Integrated  Circuits).  An  example  will  be  discussed  in 
the  next  section  on  frequency-scanned  arrays. 

5.5.5  Frequency-scanned  arrays 

These  antennas  use  a  change  in  frequency  to  scan  the  array  beam.  The 
most  convenient  device  for  this  is  the  use  of  transmission  line  in  the 
network  to  provide  a  frequency  sensitive  phase-shift  between  elements. 
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Table  5.5-3 

Details  of  constructed  flatplate  arrays 


Frequency  (GHz) 

X  band 

L  band 

13.325 

Bandwidth  (%) 

6 

14 

Array  network  type 

Constrained 

Constrained 

Constrained 

Scan  angle 

None 

Planar  or  1  inear 

Planar 

Linear 

Planar 

No.  of  beams 

1 

1(7) 

4 

Aperture  (X) 

5.5 

14 

No.  of  elements 

52 

24 

27x9 

Element  arrangement 

Square 

Linear 

Square 

Element  spacing  (X) 

0.69 

0.5 

Taper  (dB) 

Chebyshev 

2 

cos 

Predicted  sidelobe  (dB) 

-40 

-29.5 

-25 

Achieved  sidelobe  (dB) 

-35 

-25 

-27 

Aperture  efficiency  (%) 

70 

Total  efficiency  {%) 

45 

50 

Insertion  loss  total  (dB) 

2 

0.65 

Phase-shifter  loss  (dB) 

None 

None 

None 

Network  loss  (dB) 

2 

0.75 

Cross-polarisation  (dB) 

Accuracy  (rms) 

Amp  (dB) 

1 

Phase  (degrees) 

7 

No.  of  bits 

• 

VSWR 

<2.5 

<1 .2 

Far-out  sidelobes  (dB) 

<-30 

At  angle? 

>72 

Half-power  beamwidth  (degrees) 

-12 

3.2 

Reference 

6 

51 

53 

Sidelobes  at  extreme  scan 

-25* 

_ 

*  Mutual  coupling  is  said  to  be  responsible  for  some  of  this 

degradation  (1-3  dB.} 
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Since  there  are  no  active  phase-shifters,  losses  are  reduced.  Hilburn 
and  Prestwood^  studied  a  two  dimensional  array  where  each  element 
(excited  by  a  slotted  line)  was  itself  a  slotted  waveguide  line.  This 
paper  contains  considerable  detail  on  optimum  characteristics  for  the 
slots  at  various  sidelobe  levels  with  Chebyshev  and  Taylor  distribution. 

A  400  element  array  for  28.5  GHz  was  designed  for  a  Taylor  30  dB  illumina¬ 
tion  function  and  achieved  these  levels  while  scanning  17°  with  a  fre¬ 
quency  range  of  3.5  GHz.  No  cross-polarisation  greater  than  -30  dB  was 
observed . 

An  array  reported  by  Kinsey  and  Horvath^aat  3*2  GHz  had  a  Taylor  excita¬ 
tion  to  achieve  (successfully)  -30  dB  sidelobes  out  to  a  scan  angle  of 
30°.  Phase  accuracy  was  held  to  2°. 

The  disadvantage  of  these  waveguide  arrays  when  used  for  frequency  scan¬ 
ning  is  their  bulk  and  expense  since  the  tolerances  in  slot  positioning 
are  very  tight. 

A  planar  array  of  MILIC  rod  antennas  each  coupled  to  a  MILIC  transmission 

cL  57  o 

line  has  been  tested  and  scans  over  ±20  for  a  10%  bandwidth  centred 

on  29.25  GHz.  There  are  problems  related  to  fabrication  techniques  but 
the  mass  and  complexity  of  this  array  are  significantly  less  than  those 
of  the  slotted  waveguide  type. 

These  frequency  scanned  arrays  have  the  advantage  of  dispensing  with 
phase-shifters,  thus  insertion  loss  is  reduced  and  phase  errors  also.  The 
only  errors  left  are  amplitude  errors  and  relative  positioning  errors  in 
the  array  elements.  Serious  degradation  can  occur  if  the  frequency  is 
scanned  at  too  high  a  speed 


For  phased  arrays,  low  sidelobe  design,  goals  can  be  closely  approached 
at  angles  near  boresight.  At  wider  angles,  the  phase  errors  may  build  up 
to  give  poor  performance  in  narrow  angular  ranges.  At  extreme  angles, 
the  effects  of  amplitude  and  phase  errors,  etc.,  degrade  the  levels  by 
several  decibels  while  the  gain  is  reduced  by  foreshortening.  The  most 
serious  disadvantage  is  the  reduction  in  total  efficiency  due  to  insertion 
losses  in  phase-shifters  and  feed  networks,  as  well  as  the  gain  loss 
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caused  by  phase  and  amplitude  errors.  Although  space  feeds  may  be  less 
lossy  for  large  arrays  than  constrained  feeds,  their  losses  (principally 
spillover  loss)  are  still  high. 

Passive  networks  such  as  the  Rotman  lens  are  bulky  but  can  maintain  per¬ 
formance  over  wide  angles. 

Frequency-scanning  systems  can  be  very  effective.  The  i  1  lumi nation  may  be 
carefully  shaped  and  losses  are  lower  than  for  other  arrays  because  of 
the  absence  of  phase-shifters. 

It  is  not  possible  to  set  up  a  table  of  possible  parameters  for  two 
aperture  diameters  of  10  and  100  wavelengths  since  the  system  needs  more 
careful  definition.  The  following  remarks  can  be  made. 

For  the  10  wavelength  array,  -40  dB  si  delobes  can  be  obtained  but  the 
efficiency  would  be  lower  than  for  a  well-designed  offset  reflector  due 
to: 


-  using  an  illumination  for  at  least  -47  dB  since  10  wavelengths 
is  a  rather  small  aperture. 

-  network  losses. 

Optical  feeds  are  unsuitable  for  this  size  and  a  constrained  feed  or 
a  frequency-scanned  system  must  be  used. 

For  the  100  wavelength  aperture,  better  than  -40  dB  sidelobes  could  be 
obtained  but  the  efficiency  would  again  be  reduced  by  network  losses 
which  would  be  greater  than  those  for  a  10  X  aperture  if  a  constrained 
network  were  used.  An  optical  feed  could  be  used  for  levels  down  to 
-40  dB  and  the  insertion  loss  might  be  less  than  the  constrained  network. 

A  precise  figure  cannot  be  given  for  the  network  losses  until  it  is  known 
how  many  beams  at  what  frequency  and  what  scanning  angles  are  required, 
but  total  efficiencies  rarely  exceed  45%. 

For  a  large  aperture,  the  complexity  is  enormous  and  costly  though 
sidelobe  levels  down  to  -50  dB  should  be  achievable. 
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Fig.5.5‘7:  Sidelobe  levels  for  a  linear  array  as  a  function  of  A) rms 
phase  errors,  B)rms  amplitude  errors,  (a)  is  'correlated 
i.e.,  grating  lobe  effect,  (b)  for  10  elements,  (c)  30 
elements,  (d)  k0  elements. 


Fig. 5.5-8:  Degradation  in  gain  6G(curve  a)  and  mean  scattered  radiation 
level  relative  to  the  mainbeam  peak  (curve  b)  with  position¬ 
ing  error  6L/X.  Errors  assumed  to  be  uniformly  distributed 
over  the  range  ±6L/A. 
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Fig. 5 -5“ 10:  One  type  of  constrained  feed  network. 


feed 


radiators 


phasors 


Fig. 5. 5-1 1:  One  type  of  optical  feed  network. 
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6  MULTIPLE-BEAM  ANTENNAS 

The  problems  involved  in  beam-scanning  or  multiple-beam  generation  with 

antenna-arrays  have  been  dealt  with  to  a  large  extent  in  Section  5.5.3. 

For  reflector  or  lens  antennas  the  problems  in  generating  multiple-beam 

coverage  are  somewhat  different.  Recently  several  papers  have  appeared, 

I  2  3 

mainly  directed  toward  space-communication  applications  ’  . 

A  fundamental  difficulty  which  arises  in  multiple-beam  reflector  (or  lens) 

antennas  is  that  of  achieving  closely  spaced  beams  without  excessive  spill 

over.  In  essence,  the  cross-over  level  between  beams  can  be  increased 

(or  beam  spacing  can  be  reduced)  by  reducing  the  spacing  between  feed 

elements.  However,  to  achieve  a  spacing  of  one  half-power  beamwidth 

implies  that  the  radiating  aperture  of  the  feed  element  will  be  smaller 

than  optimum.  Hence  the  'too  small1  feed  element  lacks  gain  and  much  of 

its  radiation  becomes  spillover.  High  levels  of  spillover  also  imply 

higher  edge  illuminations  of  the  main  reflector  with  subsequent  higher 

L  c 

near-in  sidelobe  radiation  ’  .  We  assume  here  that  the  multiple-beam 
antenna  is  operating  on  the  one  feed-el ement-per-radiated-beam  principle. 

More  sophisticated  designs  would  adopt  the  hybrid-antenna  approach  in 

which  the  individual  primary-feed  elements  are  replaced  by  an  array 
91011  12 

feed.  *  ’  These  techniques  are  relatively  undeveloped  at  this  time 

and  their  sidelobe  potential  has  not  been  clearly  established.  Levels 

of  the  order  of  -20  dB  are  indicated  in  a  recent  publication  but  this 

1 2 

was  not  aimed  at  low  sidelobe  performance  .  One  penalty  which  must  be 
paid  by  the  more  complex  feeds  is  that  of  insertion  loss,  which  will  cer¬ 
tainly  be  higher  than  the  simple  feed  approach. 

To  provide  moderately  wide  angle  multiple-beam  coverage  without  excessive 
coma  distortion,  the  antenna  must  have  a  large  F/D  ratio.  For  axisym- 
metric  ref  lectors, the  aperture  blockage  is  likely  to  be  high  and  low 
sidelobe  performance  is  again  difficult  to  achieve. 

Examples  of  multiple-beam  antenna  sidelobe  performance  can  be  extracted 
from  the  literature.  A  few  examples  follow: 

2 

(1)  An  axisymmetric  Cassegrain  reflector  operating  at  50  GHz  had 

7  feed  horns  arranged  linearly.  First  sidelobes  from  each  beam  were  at 
a  level  of  -18  dB,  while  the  cross-over  level  was  -13  dB. 
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(2)  A  waveguide  lens  with  an  F/D  ratio  of  about  unity,  was  illumina¬ 
ted  by  a  cluster  of  19  fundamental -mode  conical  horns  in  a  triangular 
matrix^.  Cross-over  levels  were  approximately  -6  dB  and  peak  sidelobes 
were  in  the  region  of  -20  dB. 

(3)  An  offset  parabolic  reflector**  with  three  circularly-polarised 
beams  had  sidelobe  levels  of  -20  dB  and  a  minimum  beam  cross-over  level 
of-3.5  dB(i.e.,  beam  spacing  of  just  over  one  beamwidth).  The  feed 
elements  were  optimum-dimension  conical  horns  and  the  offset  reflector 
beam-squinting  phenomena  was  utilised  to  reduce  the  beam-spacing  of  the 
closest  pair  of  beams.  Including  spillover  losses,  this  antenna 
realised  efficiencies  of  between  65-68$  for  each  beam. 

(A)  A  k-  beam  of f set- ref lector  configuration  has  been  described'7  fed  by 
a  set  of  linearly-polarised  rectangular  horns,  in  E  plane  contact.  This 
antenna  produced  beam  cross-over  levels  of  between  -5  and  -6  dB  with 
first  sidelobe  levels  suppressed  below  -20  dB.  The  peak  cross-polar 
lobes  occurred  within  the  main-beams  at  a  level  of  -26  dB.  Reducing  the 
feed  dimensions  and  spacings  to  produce-3  dB  cross-over  levels  was  found 
to  result  in  increased  sidelobe  levels  (peak  -18  dB)  while  producing 
little  change  in  the  cross-polar  levels  (peak  -25  dB). 

(5)  A  twin  main  reflector  system,  employing  a  pair  of  offset  reflectors 
has  been  examined,  in  which  an  ' inter  laced -beam'  technique  was  employed  to 
provide  closely- spaced  beams  B  dB  cross-overs)  with  first  sidelobes 
suppressed  to  -27  dB  (Ref. 8).  In  this  design  alternate  beams  were 
generated  from  one  reflector  while  the  interlacing  beams  were  generated 
from  the  second. 

Very  low  near-in  sidelobe  levels  will  be  very  difficult  to  achieve  with 
reflector  antennas  when  closely- spaced  beams  are  specified.  Spherical 
and  parabol ic- torus  reflectors  do  have  the  property  of  scanning  beams 
over  wide  angles  without  pattern  degradation.  However,  their  inherent 
phase-error  characteristics  imply  that  -40  dB  first  sidelobe  suppression 
is  very  unlikely  (see  Section  5.3). 

To  conclude,  the  combination  of  a  low  sidelobe  specification  with  a 
multiple-beam  requirement  clearly  complicates  the  design  procedure. 

When  closely  spaced  beams  are  specified  this  requirement  is  almost  cer¬ 
tain  to  demand  some  relaxation  of  the  near- in  sidelobe  specification. 


Little  data  is  available  on  the  wide  angle  sidelobe  performance  of 
multiple-beam  reflector  antennas  which  are  generally  designed  for  cover 
age  of  a  restricted  range  of  angles.  The  wide  angle  performance  is 
certainly  unlikely  to  be  better  than  the  single  beam  case  but  the 
degradation  may- not  be  severe  in  many  cases,  providing  offset  or  un¬ 
blocked  configurations  are  adopted. 
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7  TRACKING  ANTENNAS 

The  requirements  of  monopulse  tracking  in  an  antenna  system  designed  for 
low  sidelobe  levels  adds  a  further  set  of  constraints  to  the  problem  and 
it  becomes  increasingly  difficult  to  optimise  the  aperture  illuminations 
for  both  Sum  and  Difference  Channels.  There  are  three  basic  methods  of 
tracking : 


-  conical  scan 

-  multi -mode  techniques 

-  static-split  techniques 

I.  Conical  scan  is  capable  of  high  tracking  accuracy.  The  feed  is 
pointed  slightly  off-axis  and  rotated.  In  a  Cassegrain  reflector,  the 
sub-reflector  may  be  offset  or  tilted  and  rotated.  The  variation  in  sig¬ 
nal  isdetected  and  converted  into  target  displacement  angle.  This  system  is 
applicable  to  optical  systems  such  as  reflectors  and  lenses  though  it 
appears  to  have  been  applied  only  to  reflectors.  There  is  no  reason  why 
it  should  not  be  used  in  conjunction  with  a  low  sidelobe  design.  The 
only  degradation  is  in  the  forward  loss,  usually  about  0.25  dB  and  the 
increase  in  coma  lobe  due  to  the  beam  squint.  Such  a  forward  loss 
corresponds  to  -30  dB  sidelobe  degrading  to  -20  dB.  To  date,  Cassegrain 
configurations  have  been  designed  for  near-field  i 1 lumination1 

The  use  of  such  a  system  complicates  the  mechanical  design  of  the 
antenna,  particularly  if  the  primary  feed  system  is  rotated. 

II.  Multi -mode  techniques 

Another  method  is  to  generate  an  asymmetric  illumination  across  the  feed 

horn  of  a  reflector  (or  lens)  by  generating  odd  waveguide  modes  as  well  as 

even  ones  in  the  feed.  The  odd  modes  can  be  extracted  to  give  information 

on  the  target  displacement  angle.  Again,  high  sensitivity  can  be 
A  5  6 

obtained  '  ’  .  This  poses  problems  for  the  feed  horn  when  a  low  side¬ 
lobe  design  is  sought  because  the  odd  modes  must  be  generated  at  the 
same  time  as  the  required  even  modes.  Again  no  such  versions  have  been 
built  for  low  side  lobes  and  the  design  complexity  is  unknown.  The 
design  of  the  feed  horn  is  critical.  However,  in  view  of  the  fact  that 
multi-mode  techniques  offer  the  best  compromise  between  sum  and  difference 
Illumination  of  the  main  antenna  aperture,  it  is  likely  that  these  tech¬ 
niques  offer  the  best  prospects  of  achieving  low  sidelobe  performance. 
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III.  'Static-split'  techniques 

Reflectors  and  Lens:  The  4  or  5  horn  static-split  system  has  been  very 
popular  in  the  past  but  examination  of  Hannan's  paper^  shows  that  it  is 
difficult  to  optimise  Sum  and  Difference  channel  sidelobes  and  the  track¬ 
ing  sensitivity  simultaneously.  If  the  Sum  channel  has  sidelobes  below 
-30  dB,  the  Difference  channel  is  liable  to  have  sidelobes  at  -10  dB.  The 
5  horn  system,  though  permitting  the  Sum  channel  to  take  up  the  optimum 
illumination  function,  does  lead  to  poor  Difference  channel  sensitivity 

g 

and  sidelobe  performance  . 

Arrays:  Cylindrical  and  spherical  arrays  because  of  their  inherent  inverse 

g 

taper  have  poor  sidelobes  in  both  Sum  and  Difference  channels  .  On  the 
other  hand,  planar  arrays  have  much  more  freedom  in  choosing  an  aperture 
illumination  and  it  is  possible  to  obtain  good  performance  in  both  Sum  and 
Difference  channel s*®’ In  particular,  it  is  possible  to  use  two 
separate  constrained  feed  networks  which  gives  the  array  ideal  illuminations 
with  no  inter-dependence  between  the  channels.  This  complicates  the  feed 
network  but  it  is  possible  to  obtain  -40  dB  sidelobes  in  all  channels. 

Because  of  the  antisymmetric  shape  of  the  illumination  function  for  the 
Difference  channels,  the  effect  of  phase  front  distortions  is  more  marked 

g 

than  for  the  Sum  channel.  This  topic  has  been  treated  by  Adatia  who  con¬ 
siders  systematic  asymmetric  distortions  in  a  reflector.  Such  distortions 
have  not  been  considered  for  an  array. 

Conclusions 

The  conical  scan  tracking  system  will  degrade  the  sidelobe  levels  while 
the  mode  conversion  system  will  not,  though  it  complicates  the  feed  horn 
design  to  an  unknown  extent.  The  traditional  4  horn  static-split  feed  is 
not  recommended  for  use  with  reflectors  designed  for  very  low  sidelobes. 
Either  the  Sum  channel  sidelobes  or  the  tracking  sensitivity  are  degraded. 
The  difference  sidelobes  are  always  poor.  The  alternative  is  the  5  horn 
system  which  has  reduced  tracking  sensitivity  when  compared  to  a  mode  con¬ 
version  system.  Multi-mode  techniques  probably  offer  the  best  potential 
for  low  sidelobe  monopulse  systems. 

Arrays  can  be  arranged  to  give  good  monopulse  performance  but  at  the  price 
of  a  considerable  increase  in  complexity. 


The  cross-polarised  radiation  of  monopulse  systems  is  very  dependent  upon 
the  specific  design  of  antenna.  The  change  in  illumination  characteristics 
between  sum  and  difference  modes  of  operation  typically  re-distributes  the 
cross-polar  radiation  fields  and  can  result  in  undesirable  peak  lobes 
being  generated.  The  levels  and  distributions  involved  are  total  ly depend¬ 
ent  upon  the  antenna  type,  dimensions  and  polarisation. 
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8  RADOMES 

References  to  radomes  are  usually  concerned  with  their  insertion  loss. 
They  will  act  to  scatter  radiation  over  wide  angles  which  will  affect 
the  far-out  sidelobes.  Figure  8.1  shows  the  degradation  of  a  160  X 
aperture  reflector'  due  to  a  fibreglass  radome  with  pseudo-random  struts. 
The  reduction  in  forward  gain  was  I  dB. 

A  study  of  losses  incurred  when  using  a  radome  of  various  constructions 
2 

is  given  by  Kay  .  Although  sidelobes  are  not  treated  specifically,  some 

patterns  show  the  appearance  of  single  far-out  lobes  at  -30  dB.  If  the 

energy  lost  due  to  the  radome  is  assumed  to  be  rescattered  isotropically, 

then  the  far-out  sidelobes  will  be  a  few  decibels  below  isotropic  or 

(say)  -G  -5  dB  for  a  forward  loss  of  1  dB. 
o 

Measurements  on  a  44  cm  lens  at  61  GHz  (Ref. 3)  which  was  used  inside  a 
hemispherical  radome  of  Pyrex  (no  metal  struts)  showed  a  general  deteri¬ 
oration  in  sidelobe  level.  The  illumination  on  the  lens  was  aimed  at 
a  -40  dB  Taylor  distribution  with  a  fall  off  after  the  first  two  side¬ 
lobes  (Figure  8.2) . 

4 

A  further  example  at  37  GHz  showed  a  similar  degradation  to  -30  dB  over 
±24°  (half-power  beamwidth  of  2°).  The  sidelobes  did  not  decrease 
below  -50  dB  until  angles  of  ±72°  off  boresight  were  reached.  (Gain  of 
lens  a  38  dB) . 

Radomes  are  likely  to  degrade  the  performance  of  an  antenna  in  the  far- 
out  regions  to  somewhere  around  isotropic.  Close  in  sidelobes  are  not 
individually  affected  though  high  value  isolated  grating  lobes  can  occur 
at  the  -30  dB  level . 

Detailed  information  on  the  design  of  radomes^  is  available  though  it 
concerns  only  the  forward  loss.  As  has  been  pointed  out,  a  knowledge 
of  the  forward  loss  will  give  some  indication  of  the  effects  on  the  far- 
out  sidelobes. 

The  question  of  radome  performance,  when  good  sidelobe  suppression  is 
mandatory,  becomes  increasingly  important.  Relatively  little  information 
appears  to  be  available  on  the  optimisation  of  radomes  with  regard  to 
sidelobe  performance,  and  this  is  clearly  an  area  which  will  require 
further  attention  in  the  future. 


Sidelobe  envelope  of  an  axisymmetric  reflector  of  160  X 
aperture: 

(a)  reflector  alone 

(b)  reflector  plus  struts 

(c)  reflector  plus  struts  plus  radome 


degrees 


Sidelobe  envelope  of  (a)  a  lens,  (b)  the  same  lens  plus 
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9  BRIEF  COMMENTS  ON  ANTENNA  TEST  RANGES 

Problems  arise  when  measuring  antenna  radiation  patterns  in  that  the 
inaccuracy  provided  by  the  site  must  be  much  less  than  the  level  at 
which  sidelobes  are  sought  .  If  it  is  a  requirement  that  all  sidelobes, 
spillover  etc.,  be  below  -40  dB,  then  the  test  range  must  be  tlean*  over 
a  wide  angle  to  about  20  dB  below  this  level  \ 

In  addition,  there  is  the  problem  of  the  antenna-transmitter  distance. 

The  usual  distance  is  taken  to  be  R  >  20  /X  (Fig.9.1).  The  actual 
ground  area  to  be  freed  from  spurious  reflection  therefore  becomes  very 
large. 

The  problem  can  be  avoided  by  using  near-field  probe  techniques  but  the 

accuracy  required  to  establish  precise  sidelobes  over  wide  angles  is  very 

stringent,  and  the  method  is  more  suited  to  determination  of  the  far- 

field  pattern  around  boresight.  Grimm^  considers  the  effects  of  errors 

on  the  near-field  measurements  as  they  degrade  the  computed  far-field 

pattern.  The  traverse  time  is  of  the  order  of  I  to  2  hours  to  collect 

the  data  for  one  measurement.  It  is  not  suited  to  small  antennas  because 

2 

of  probe  interaction  . 

Sometimes  a  reflector  may  be  defocused  in  order  to  focus  the  beam  at  a 

2 

particular  distance.  For  shaped  beams  this  is  not  allowed  .  It  has 

been  suggested  that  celestial  radio  sources  would  make  useful  test  objects 

for  large  aperture  antennas.  Unfortunately,  sidelobe  levels  above  -23  dB 

3 

and  cross-polarisation  above  -30  dB  are  all  that  can  be  hoped  for  . 

It  is  noticeable  that  publications  dealing  with  large  earth-stations  do 

not  often  include  sidelobes  more  than  a  few  degrees  from  boresight. 

However,  a  1000  X  reflector  has  been  measured  around  the  main  lobe 

4 

region  . 


10  CONCLUSIONS 


I  - 

At  least  in  theory,  it  is  feasible  to  achieve  low  sidelobe  performance, 
at  the  expense  of  aperture  efficiency,  by  suitably  tapering  the  illumina¬ 
tion  characteristics  of  the  radiating  'aperture'  (or  'effective  aperture') 
o'f  an  antenna.  In  practice,  there  can  be  a  variety  of  constraints  which 
make  such  aperture- i 1 luminat ion  tapering  non-real izable,  or  introduce 
secondary  effects  which  degrade  the  sidelobe  performance. 

For  low-gain  antennas  the  concept  of  a  well-defined  radiating  aperture  is 
not  always  either  clear-cut  or,  in  some  cases,  even  useful.  As  the  gain 
of  antennas  decrease,  then  to  an  increasing  extent  any  conducting  surface 
in  the  immediate  vicinity  of  the  antenna  must  be  considered  as  a  part  of 
the  overall  radiating  structure.  The  most  drastic  cases  of  this  pheno¬ 
menon  are  usually  associated  with  quasi-directional  antennas  in  which 
sidelobe  radiation  is  of  no  great  concern.  However,  it  must  be  borne 
in  mind  that  for  any  low-gain  antenna  there  is  an  increased  possibility 
that  coupling  effects  between  the  radiator  and  its  surrounding  structure 
will  significantly  modify  the  free-space  radiation  characteristics  of 
the  antenna. 

The  sensitivity  of  a  low  gain  antenna  to  its  immediate  environment  can 
generally  be  minimised  by  use  of  antenna  types  which  provide  a  well- 
defined  radiating  aperture,  with  illumination  tapers  which  reduce  the 
fields  to  low  levels  at  the  aperture  periphery.  Such  antennas  are  also 
desirable  with  regard  to  good  backlobe  and  sidelobe  suppression.  To  pro¬ 
vide  practical  examples  of  antennas  exhibiting  these  characteristics,  the 
Potter  dual-mode  horn,  or  the  corrugated  hybrid-mode  horn,  are  two  types 
of  conical  waveguide  horn  which  meet  these  requirements.  These  antennas 
can  be  dual  polarised  with  either  linear  or  circular  polarisations  and 
can  be  operated  over  bandwidths  of  43;  (Potter  horn)  and  40%  (corrugated  horn) . 

For  medium-  and  high-gain  antennas,  the  increased  dimensions  of  the 
radiating  aperture  (in  terms  of  wavelengths)  provide  generally  better 
potential  for  sidelobe  suppression  by  aperture-illumination  tapering  tech¬ 
niques.  For  antenna  types  which  offer  the  antenna  designer  reasonable 
control  over  the  aperture- illumination  characteristics  (i.e.,  reflector- 
antennas,  lens  antennas  and  arrays),  the  principal  sources  of  sidelobe 
radiation  arise  from  secondary  effects  other  than  diffraction  from  the 
main  aperture. 
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In  the  case  of  axisymmetrlc  reflector  antennas,  aperture  blockage  effects 
are  a  major  contributor  to  the  sidelobe  radiation.  With  these  antennas, 
peak  sidelobe  levels  of  the  order  of  >25  dB  are  typical  even  for  rela¬ 
tively  well-designed  antennas.  Backlobe  radiation  can  be  reduced  to 
very  low  levels  by  use  of  shrouds  or  caste! latlons,  but  the  blockage 
effects  arising  from  the  primary-feed  (or  sub-reflector)  and  the  associa¬ 
ted  support  structure  represent  a  serious  limitation  upon  the  use  of  these 
antennas  in  low  sidelobe  applications. 

Offset  reflector  antennas  can  overcome  these  inherent  limitations  of  the 
axisymmetric  designs,  by  ensuring  that  the  primary-feed  hardware  does  not 
protrude  into  the  radiating  aperture  of  the  reflector.  Well-designed  off¬ 
set  antenna  systems  can  reduce  the  peak  sidelobe  levels  to  below  -4o  dB 
in  the  near-in  region, with  sidelobe  suppressions  to  -50  dB  or  -60  dB  or 
below  at  wider  angles.  The  electrical  isolation  between  primary-feed 
and  reflector  is  also  exceptionally  good  with  offset  reflector  configura¬ 
tions,  thus  allowing  good  VSWRs  to  be  achieved  more  readily.  Some  addi¬ 
tional  complications  are  apparent  in  the  design  of  offset  antennas  but 
these  can  be  accommodated  with  modern  design  practice.  The  depolarising 
effects  which  are  inherent  with  asymmetrical  reflector  structures  can  be 
overcome,  either  by  use  of  new  primary-feed  technology,  or  by  employing 
the  optimised  double-offset  Cassegra inian  geometry.  In  general  terms, 
offset  reflector  systems  offer  very  significant  advantages  when  low  side¬ 
lobe  performance  is  mandatory. 

Lens  antennas  also  offer  a  means  of  avoiding  aperture  blockage,  although 
the  isolation  between  feed  and  lens  is  less  good  than  the  offset  config¬ 
uration.  The  lens  must  be  shrouded  to  avoid  spillover  radiation  in  the 
forward  half-plane.  These  antennas  could  provide  good  sidelobe  suppres¬ 
sion  for  some  applications,  although  they  tend  to  become  bulky  and  lossy 
when  large  apertures  are  required.  The  bandwidth  of  lens  antennas  is 
also  more  restricted  than  a  comparable  reflector.  The  electrical  perform¬ 
ance  of  the  lens  antenna  can  be  improved  in  some  respects  by  zoning  but 
the  effect  of  this  on  the  wide-angle  sidelobe  performance  appears  to  be 
an  unknown. 

Antenna  arrays  can  offer  good  potential  for  low  sidelobe  applications. 
Providing  a  sufficiently  large  number  of  elements  are  available  (e.g., 
not  less  than  15  in  one  dimension)  it  should  be  possible  to  achieve 
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very  low  sJdelobe  levels.  However,  strongly  tapered  apertures  also 
imply  lower  efficiencies,  and  in  addition  to  the  aperture  efficiency 
sacrificed  for  improved  sidelobe  suppression,  there  may  be  substantial 
losses  due  to  the  array  feeding  network.  These  additional  losses  can 
amount  to  several  decibels,  resulting  in  an  overall  antenna  efficiency  of 
the  order  of  25-30%  or  less. 

It  is  also  worth  noting  that  a  planar  array  requires  close  to  10,000 
elements  to  produce  a  1°  half-power  beamwidth.  This  number  can  be  re¬ 
duced  by  array- th i nning  techniques  but  the  price  for  such  thinning  must 
be  paid  in  both  gain  and,  more  particularly,  in  degradation  of  the  side- 
lobe  suppression.  In  view  of  these  factors,  it  would  appear  that  planar 
array  techniques  are  more  appropriate  to  medium-gain  applications,  when 
good  sidelobe  suppression  is  required.  Linear  arrays  are  likely  to  find 
more  applications  in  this  respect,  particularly  when  combined  with  reflec¬ 
tor  systems  which  collimate  the  beam  in  the  orthogonal  plane. 

The  mechanical  and  structural  aspects  of  a  stringent  sidelobe  specifica¬ 
tion  will  be  extremely  important.  It  is  difficult  to  be  categorical  in 
terms  of  the  required  mechanical  tolerances  unless  the  antenna  configura¬ 
tion  is  well  defined.  In  many  applications  the  required  tolerances  do 
not  appear  to  be  excessive.  The  nature  of  the  tolerance  error  and,  in 
some  cases,  its  spatial  distribution  can  be  very  important.  For  example, 
in  the  case  of  a  reflector  or  lens  antenna  profile,  a  small  spatial ly- 
periodic  error  can  produce  a  significant  increase  in  the  peak  sidelobe 
levels  of  the  antenna,  while  a  randomly  distributed  error  of  the  same 
magnitude  would  be  much  less  significant.  Data  has  been  collected 
in  the  body  of  this  report  to  provide  guidance  in  this  respect,  and  it 
must  be  emphasised  that  adequate  attention  to  this  aspect  of  low  sidelobe 
performance  should  be  given  at  the  design  stage. 

In  many  practical  applications  it  is  necessary  to  locate  a  'low  sidelobe' 
antenna  within  a  radome  cover.  The  possiblity  of  sidelobe  degradation 
introduced  by  the  radome  itself  must  be  accepted  as  being  a  very  real  one. 
It  appears  that  this  aspect  of  low  sidelobe  antenna  performance  has  not 
received  the  attention  it  merits.  In  view  of  the  enhanced  jamming  threat, 
it  is  recommended  that  attention  be  directed  toward  the  sidelobe  degrada¬ 
tion  introduced  by  the  radome  and  the  implications  of  low  sidelobe  speci¬ 
fications  upon  the  radome  design. 
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In  conclusion,  this  survey  and  review  of  low  sidelobe  antennas  has  indica¬ 
ted  that  sidelobe  suppression  to  lower  levels  than  those  commonly  achieved 
with  existing  antennas  is,  in  the  majority  of  cases,  both  theoretically  and 
practically  feasible.  The  rather  indifferent  sidelobe  performance  of  many 
existing  designs  appears  to  be  more  a  result  of  insufficient  emphasis  being 
placed  upon  this  aspect  of  the  system  performance,  and  general  acceptance 
of  levels  of  sidelobe  radiation  which  in  view  of  the  present  jamming  threat, 
are  now  totally  unrealistic.  It  is  suggested  that,  with  an  application  of 
good  design  practice,  significant  Improvements  can  be  made  in  the  sidelobe 
performance  of  a  wide  range  of  radiating  systems. 
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GLOSSARY 


Half -power  beamwidth  (HPBW) : 

The  width  of  the  antenna  radiation  patterns  at  the  point  where  the  gain 
is  3  dB  below  the  peak  forward  gain. 

Beam  efficiency; 

The  percentage  of  the  total  power  in  the  antenna  radiation  pattern  which 
is  included  between  the  pattern's  first  nulls. 

Aperture  efficiency: 

The  forward  gain  of  an  antenna  compared  with  the  forward  gain  of  an 
identical  aperture  when  uniformly  illuminated.  The  quantity  can  be 
expressed  as  a  decimal  fraction  or  more  usually  as  a  percentage. 

Figure  of  MeritG/T: 

A  term  used  in  ground  station  antennas  to  specify  the  antenna  performance, 
where  G  is  the  antenna  forward  gain  and  T  is  the  input  system  noise 
temperature.  G/T  is  usually  expressed  in  decibels. 

Oi  recti vi ty : 

The  maximum  power  per  unit  solid  angle  radiated  by  the  antenna  to  the 
power  per  unit  solid  angle  obtained  from  an  isotropic  radiator,  radiating 
the  same  total  power. 

Correlation  interval: 

Distance  on  average  where  rms  phase  errors  across  an  illuminated  aperture 
become  independent. 
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GLOSSARY  (Contd.) 


Current  frequency  designation 

Previous  frequency  designation 

_ 

Band 

GHz 

Band 

GHz 

A 

<0.25 

VHF 

<0.3 

B 

0.25-0.5 

UHF 

0.35-1.0 

C 

0.5-  1.0 

D 

1-2 

L 

1-2 

E 

2-3 

S 

2-4 

F 

3-4 

G 

4-6 

C 

4-8 

H 

6-8 

1 

8-10 

X 

8-12.5 

J 

10-20 

Ku 

12.5-17.5 

K 

20-40 

K 

17.5-26 

L 

40-60 

26-40 

N 

60-100 

V 

40-60 

0 

60-90 
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